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ABSTRACT 
The potential for the use of MAS and static NMR in the 
investigation of alkali silicate and alkali phosphosilicate glasses and 
glass ceramics is the main theme of this thesis. MAS NMR of binary 
lithium silicate glasses containing 24-29 mol% Li20 shows that their 
structure follows the constrained distribution model. However addition 
of Li20 in excess of 29 mol% causes deviation from the model and a 
concentration dependent disproportionation of Q3 to Q4+Q2 occurs. This 
is observable from MAS NMR in combination with static NMR results. The 
devitrification of these glasses produces two polymorphs of lithium 
disilicate. The structural changes during heat treatment occur aNve 
the glass transition temperature and are observed from the Si 
chemical shift and full width at half maximum. The static Li spectra 
for the crystallised samples exhibit a Pake doublet indicative of the 
presence of Li pairs. 
The effect of paramagnetic impurity from 0-0.8 mol% on the 29Si T1 
relaxation times in Na20.2SiO2 base glasses is discussed. 
The heat treatment of the sodium disilicate glasses shows a -, ß-, 
Y- and 6- Na2Si2O5 as the devitrification products depending upon 
heat treatment. A way of estimating the unknown Si-O-Si mean bond 
angle of the polymorphs is presented. 
The effect of the addition of 0-70 moll P205 to alkali disilicate 
glasses is described. Small amounts of P205 (1-10 mol%) in the glasses 
results in the scavenging of alkali metal ions by phosphate groups. In 
sodium and potassium disilicates the phosphate groups resemble 
orthophosphate and pyrophosphate but only orthophosphate like units are 
formed in lithium disilicate glasses. As a consequence of the 
scavenging, the silicate network partially repolymerises. A structural 
model for the disilicates with (1-10) moll P2OS is presented. For 
larger concentrations of P205 (>10 mol%) in sodium disilicate glasses 
only metaphosphate species are observed and phosphorus occurs as next 
nearest neighbour of silicon. However this arrangement gradually 
changes to Si-O-Si bond with - 25 moll P 05 and the length of 
metaphosphate chain increases. On addition oft greater than about 30 
mol% P205 some of the network silicon changes radically from its 
conventional four coordination to six coordination. Both the 
tetrahedral and octahedral environments of silicon at these 
concentrations are characteristic of mainly Si-O-P bonds. The six 
coordinated silicon occupies a SiPZO7 like environment. The proportion 
of "SiP2O7" depends upon the alkali content and the cooling rate. The 
cooling rates cause structural relaxation and are used to measure 
fictive temperature. This gives an estimate of the change of enthalpy 
for the conversion of one mole of six coordinated silicon from four 
coordinated silicon. 
The 29Si T1 relaxation times in alkali silicate glass, glass 
ceramics and alkali phosphosilicates are presented. The T1 in sodium 
disilicate glasses as a function of MnO content is a single exponential 
but a two component T1 is observed after heat treatment. The single 
component relaxation times for the disilicate composition range becomes 
two component as the Na20 content is reduced. The Tl values in all the 
lithium silicate glasses, glass ceramics and alkali phosphosilicate 
systems are two component. The conversion of single component 
exponential to two component because of heat treatment or Na20 content 
could be due to either nucleation or glass-in-glass phase separation. 
Thus the possibilities for obtaining new information about phase 
separation in glasses are also briefly discussed with the help of TEM 
micrographs. 
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CHAPTER 1 
INTRODUCTION 
1.1 GENERAL 
Glasses are characterised by the absence of long range 
order in their structure and so consequently determination of 
structure is difficult. Unlike crystalline materials 
determination of the position of an atom is not of primary 
interest because the whole structure cannot be expressed as a 
multiple of a unit cell. The glass structure can be described 
as a three dimensional configuration of a variety of species 
termed network formers. 
Normally in silicate glasses the network former is the 
Si04 tetrahedron. Unlike the unit cell in a crystalline 
lattice the local order of the network former, i. e. bond angle 
and bond length, may vary. Addition of a network modifier, 
e. g. Na209 alters the silicon environment and produces 
different types of species. Therefore identification of the 
nearest and next nearest neighbour of the network former, 
number of species, co-ordination number and a comparison with 
the respective crystal structure is the major interest for 
spectroscopists or material scientists. With this in mind the 
simple binary alkali silicate system has primarily been chosen 
in this work to interpret the framework structure, mainly by 
means of the nuclear magnetic resonance (NMR) technique. 
1.2 GLASS AND GLASS CERAMICS 
Glass can be formed from a melt of one or more glass 
forming oxides by cooling at a sufficient rate to prevent the 
formation of crystalline structure [1-4]. The cooling is 
directly related to the volume temperature characteristics [4] 
as shown in Figure (1.1). In the region AB the product is 
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liquid and the viscosity of the melt is comparable to that of 
water. If the melt cools without crystallisation, the 
decrease in volume follows the path BE. The product within 
this region is called a supercooled liquid. The viscosity of 
the product increases with the decrease of temperature. 
However, a sudden change of volume may occur along the path BC 
at a particular temperature T' if the cooling process is 
accompanied by crystallisation. Further decrease of 
temperature results either in glass (EF) or crystal (CD) 
formation depending upon the contraction of volume along the 
path BE or BC in the diagram (Figure 1.1). The temperature at 
the point E is called the glass transition temperature, Tg. 
Thus for a melt to form a glass it has to exhibit this glass 
transition property during cooling. The contraction of volume 
along the extrapolation EG or ABE continues if the material is 
held at the temperature T, a little below Tg. The value of Tg 
is not well defined and depends upon the rate of cooling. 
The glass forming oxides are classified into three 
categories : (i) network former, (ii) network modifier, and 
(iii) intermediate. The principal characteristic of the 
network former is the tetrahedral structural arrangement in 
the crystalline state, e. g. Si02, P205, B203 and Ge02 [5] etc. 
The tetrahedral configuration of the network former is not 
strictly valid because there are some oxides, e. g. BeO, which 
do not form glass [6]. The modifier oxides, e. g. Na20, Li20, 
normally break the long chain order and weakens the network of 
the glass. In the case of an intermediate oxide, e. g. A1203, 
Al occupies the network former position in the glass [1] but 
the oxide itself does not form glass. Geometrical 
considerations, bonding criteria, nucleation kinetics of the 
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oxides affect the glass forming region. Consequently the 
amounts of the chemical compositions of glasses varies from 
one form of oxide to another. 
Glass ceramics are polycrystalline materials which can 
be produced by controlled crystallisation of glasses [1]. The 
process of crystallisation is mainly concerned with nucleation 
and the rate of crystal growth. A typical diagram for the 
nucleation and the crystal growth is shown in Figure (1.2). 
The nucleation can be classified as (i) homogeneous nucleation 
and (ii) heterogeneous nucleation. Homogeneous nucleation is 
generally caused by fluctuation in ion concentration of the 
parent liquid phase. This condition is difficult to achieve 
because glass compositions are not normally free from foreign 
particles. The general equation to express the rate of 
homogeneous nucleation is given by Becker [7] as 
I=A exp (- &G/kT) exp (-E/kT) ... ... 
(1.1) 
where A is a constant, AG is the maximum free energy of 
activation for formation of a stable nucleus in the system, E 
is the activation energy required to diffuse molecules across 
the phase boundary, k is the Boltzmann constant and T is the 
temperature. 
Heterogeneous nucleation is a result of the presence of 
foreign particles and doped materials in the glass melt which 
often behave as nuclei. Epitaxial crystal growth may occur 
due to presence of these nuclei. The rate of heterogeneous 
nucleation is given by [81 
I=B exp[-( AGf(G) + E)/kT] ... ... ... (1.2) 
where B is a constant and the term f(A) is given by 
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f(9) = (2 + cos9) (1 - cos8)2/4 ... 000 (1.3) 
where 0 is the contact angle at the substrate-melt-precipitate 
junction. 
A detailed discussion of the formation of glass, glass- 
ceramics, nucleation, crystallisation etc. can be found 
elsewhere [1-4] and these are not discussed here in detail. 
1.3 MODELS FOR GLASS STRUCTURE 
The random distribution of atoms prevents material 
scientists from determining an absolute structure of glass. 
Goldschmidt's prediction [5] followed by the work of 
Zachariasen [6] led scientists to believe that the framework 
of silicate glasses consists of S104 tetrahedra. These S104 
tetrahedra are randomly linked together by means of Si-O-Si 
bonds [9] as shown in Figure (1.3). Incorporation of modifier 
oxides breaks up Si-O-Si bonding and converts some bridging 
oxygens [bo] to non-bridging oxygens [nbo] [6]. The 
configuration depending upon the number of [nbo] associated 
with the network former S14+ is generally described by the 
nomenclature Qm [10], where m determines the number of [nbo] 
connected to S14+ (Q), i. e. for tetrahedral silicon 0<m<4. 
Therefore, there are five possible Q species present in 
amorphous or crystalline states. 
In order to determine the number of species or the 
structure of glasses several models have been proposed : 
i) Statistical distribution [11] - the distribution 
of [nbo] per silicon is determined from probability and 
composition. 
ii) Constrained random [12] - normally only 2Q species 
-5- 
Figure 1.3 A model of vitreous silica, and (inset) 
a tetrahedral unit (taken from ref. 9). 
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form where [nbo] are homogeneously distributed. The form of 
Qm depends upon the composition. 
iii) Mixed Cluster [13] - species appear as clusters. 
The models (i) and (ii) give a means of detecting and 
quantifying the species present in glasses for a particular 
composition. These two models give extremes of a continuum of 
possibilities. At high enough temperatures, if the 
composition forms a glass, a statistical distribution would be 
best. However at room temperature an intermediate state of 
the two models may be obtained. Experimental evidence for the 
cluster model to date has not been provided. 
1.4 ALKALI SILICATE GLASSES : THEIR FORMATION AND PHASE 
DIAGRAMS 
The building block of the alkali silicate (R20-SiO2; R= 
Li, Na, K. Rb, Cs) system is the Si04 tetrahedron. According 
to the phase diagrams [14] and an assumption considered by 
Grimmer et al. [15] for the R20-Si02 systems (Figure 1.4) 
there exist crystalline compounds of S104, R2Si2O5, R2SiO3, 
R6Si2O7 and R4Si04 corresponding to Q4, Q3, Q2, Q1 and Q0 
environments. These possible Q species can be shown 
structurally as [11] 
i 0 
i Q4 
0 
i 0 
Q3 = -O-Si-O-R+; 
0 
0-R+ 
Q2 = -0-ii-0-R+ 
0 
0-R+ 
Q1 = R+--Si-O-R+ ; 
0 
0-R+ 
QD = R+O--Si-O-R 
0-R+ 
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The present work deals with the first three alkali metal ions 
and in the future R will stand for Li, Na and K only. 
In glasses all these environments do not exist. 
Formation of [nbo] within the continuous three dimensional 
network of Si04 NO tetrahedra presents a discontinuity in 
the network. Among the Qm species Q0 is an isolated Si04 
tetrahedron. Thus formation of glass with orthosilicate (Q0) 
environment is difficult because that could readily undergo 
crystallisation. The Q1 species is a dimer structure and the 
structural unit may be shown as 
0-R+ 0-R+ 
R+0- - 
Si 
-0- 
Si- 
0-R+ 
0 
R+ 
0-R+ 
Thus there is a lack of long chains and the formation of glass 
has also become difficult. Incorporation of large amounts of 
R20(>50 moll) in the S104 network reduces the viscosity [1], 
lowers the activation energy for crystallisation [16] and 
hence lies beyond the glass forming region. However, in 
general, long chains exist for Q2, Q3 species and the 
formation of alkali silicate glasses with Q2, Q3 and Q4 is 
possible. The glass formation region also depends upon the 
type of alkali oxide added to the parent network, amount of a 
batch and the rate of cooling. 
In the phase diagrams (Figure 1.4) of R20-SiO2 systems 
there is no common feature about the formation of Qm species. 
The regions of formation of Q3 and Q2 species in alkali 
silicates become wider with the size of the alkali atom. This 
could be the effect of steric hindrances (K>Na>Li) which could 
broaden the glass forming region. 
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1.5 HIGH RESOLUTION NMR IN SILICATE GLASSES AND GLASS- 
CERAMICS 
Nuclear magnetic resonance (NMR) is the spectroscopy of 
magnetic materials that possess nuclear magnetic moments. 
Gorter and Broer [14] first tried to establish the phenomenon 
but the experiment was unsuccessful. However the effect was 
demonstrated independently by Purcell et al. [18] and Bloch et 
al. [19]. The NMR signal depends upon the population 
difference between two energy levels. In an external magnetic 
field the nuclear spins follow the Boltzmann distribution and 
for 31P the population difference is only 23 in 106 in a field 
of 8.45T. In spite of the low sensitivity NMR spectroscopy 
plays an important role in structural investigation of liquid 
and solid state materials through high resolution NMR and 
relaxation time measurements. 
The resonance frequencies of slightly different 
environments are different [20-22]. However the presence of 
broadening may prevent their observation. In liquids well 
resolved NMR spectral detail can be obtained because of the 
random motion of the atoms, ions and molecules which averages 
the various broadening interactions and provides narrow 
resonances. In the case of solids such phenomena do not often 
occur and very broad lines are obtained. Solid samples may be 
obtained either as single crystals or as powders. The former 
is not always available and is not appropriate to glasses. 
In the early days of NMR, measurement of relaxation 
times as a function of temperature was of primary interest in 
polycrystalline samples. However, static (wide line) NMR has 
also been applied to obtain structural information in borate 
glasses [23-29], alkali borate glasses [30-34], borophosphate 
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glasses [36] and boroaluminate glasses [36] etc. Much of the 
attention has been given to the relative ratio of the 
different species present in the sample in order to interpret 
the structure. The profile of the wide line NMR resonance 
merges peaks together very often and therefore creates a 
problem to identify the species. But with the advent of magic 
angle spinning (MAS) NMR in 1958 [37-39] high resolution NMR 
of powders became possible. Application of MAS narrows the 
lineshape, i. e. lengthens the time domain NMR signal. An 
example for the 
23Na nucleus in sodium disilicate crystal is 
shown in Figure (1.5). 
Following Lippmaa et al's. [40] first NMR investigation 
of crystalline silicates, several studies of alkali silicate 
glasses and crystals have been carried out. However the 
results are controversial to some extent. Schramm et al. [11] 
studied the lithium silicate system in which they obtained a 
statistical distribution of Qm species. Grimmer et al. [15] 
investigated similar compositions and found not more than two 
species present. Similar results were found by them for 
sodium silicate glasses as well. Almost at the same time 
Dupree et al. [12] presented an experimental verification of 
Qm species in alkali silicate glasses with their calculated 
values obtained from alkali concentration. The presence of 
only two species in a particular alkali silicate composition 
was also confirmed by Murdoch et al. [41] and Schneider et al. 
[42]. There could be a low concentration of Q4 species, along 
with Q3 and Q2 units, in high alkali (34-41 mol%) [43] 
containing sodium silicate glasses which can be merged in the 
wings of the MAS NMR spectrum. The K20-SiO2 system has been 
investigated by Grimmer et al. [44] and is consistent with 
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sodium silicate results of Dupree et al. [12], i. e. only 2Q 
species detected. The Rb20-SiO2 and Cs20-Si02 glasses of a 
wide range of composition have been investigated by Dupree et 
al. [45]. The structural arrangement of the network former, 
S14+ is the same as Na20-SiO2 system for <45 mol% Rb or Cs. 
However for >45 mol% Rb or Cs as many as three species, namely 
Q3, Q2 and Q1 may be present in the glasses. This deviation 
is explained by the authors as a fact of coulombic interaction 
between the alkali metal ions and bridging oxygens. This has 
an implication on glass properties [46,47] and that might 
affect the structure of other alkali containing glasses as 
well. 
Dupree et al. [48] also investigated the PbO - S102 
glasses with 25-70 mol% PbO. The structural arrangement is 
different from the alkali silicate system. The results 
suggested that statistical distribution of Qm species 
dominates for >30 mol% but that binary distribution [12] is 
valid for <30 mol% PbO. Recently Dupree and Holland [49] and 
Dupree and Smith [50] have presented two reviews encompassing 
most of the glass systems studied using NMR and MAS NMR. 
In the case of ternary and quarternary glasses [41,51- 
54] the resolution of the 29Si spectra is worse than the 
binary glasses. In glass system of the type CaO-S102-Al2O3 
alumina may be present either as Si-0-Al or neutral species 
[51]. This would help to form a particular Qmn species with 
Al neighbours, where n= number of Si-0-Al. The occupancy of 
one Al shifts the 
29Si 
position by - 5.5 PPM [55] and gives 
broad 29Si lines. Study of the system CaMgS12o6-CaAl2SiO6 
[41,52] showed that glass may contain all the Qm species 
within a single broad 29Si spectrum. This sort of 
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identification must be somewhat speculative and one has to 
depend upon other techniques as well. 
The Q3 and Q2 29Si spectra of glasses show spinning 
sidebands. No such sideband is observed for Q4 species 
because of its near spherically symmetric chemical shift 
anisotropy [12]. Spinning sidebands provide a means of 
calculating the chemical shift anisotropy [56-58] which gives 
some idea of the electronic shielding around the investigated 
nuclei. High resolution NMR in silicate glasses is not 
limited to 29Si and a range of nuclei has been investigated to 
elucidate the glass structure and will be discussed briefly in 
section (1.7). 
1.6 REVIEW OF THE INTERACTION OF SOME PENTAVALENT ATOMS 
WITH ALKALI AND ALKALI SILICATES 
Among the several pentavalent atoms phosphorus, as P205, 
forms glass on its own and vanadium, as V205, forms glass in 
combination with a second oxide [1,2]. The melt of V205 
crystallises readily at room temperature and therefore glass 
formation is difficult. P205 forms glasses in combination 
with one or more glass forming oxides. Although most of the 
commercial glasses are silicate and borosilicate composition, 
this thesis is partly concerned with the interaction of P205 
with alkalisilicate glasses. In this section a general review 
is presented for the interaction of P205 with alkali and 
alkali silicate glasses. 
There are three crystalline forms of P205 known to exist 
[59]. The P04 tetrahedron is the basis of all three P205 
structures and all the melts form glasses between 415-585°C 
[59]. The reaction mechanism of P205 with different types of 
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alkali metal oxides are different [60-62]. Binary phosphate 
glasses with different levels of modifier oxides have been 
prepared by Elyard et al. [63] and Imaoka et al. [64]. The 
glasses were not phase separated and this was explained by the 
relatively strong P-0 bond compared to Si-0 and B-0 bond [65]. 
However Vogel [66] has observed glass-in-glass phase 
separation in MgO-P205 glasses. The phase separated droplets 
were so small that scattered light from them was not 
detectable by the naked eye. Sodium metaphosphate glass may 
phase separate in presence of a nucleating agent like platinum 
[67]. 
The structures of binary phosphate glasses have been 
investigated by several techniques [68-74]. All these studies 
unequivocally confirmed that phosphorus occurs as P04 
tetrahedra. A paper chromatographic study [74] of sodium 
metaphosphate glass showed that the P04 tetrahedra remain as 
long chains similar to binary alkali silicates. Similar 
results have been obtained in Li20-P205 and K20-P205 systems. 
Incorporation of S102 in R20-P205 (R=Li, Na, K) creates a 
ternary R20-SiO2-P205 system. Both the silicon and phosphorus 
are known to be network formers and R20 is a modifier oxide. 
Glasses with more than one network former have a tendency to 
phase separate easily [1]. Among the different oxides only 
the Na20-SiO2-P2O5 phase diagram is partially available in the 
literature [61]. Although phase diagram gives an indication 
of stable crystalline phases, this cannot be considered as 
providing evidence for the distribution of the species in a 
glass melt [1,2]. 
The kinetics of nucleation and morphology of 
crystallisation in Li20-Si02-P205 have been investigated by 
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several authors [75-77] using high resolution microscopy. 
P205 acts as a nucleating agent in the system and hence 
accelerates nucleation, crystallisation etc. Differential 
thermal analysis (DTA) has also been used to elucidate the 
crystallisation kinetics of the glasses. The phase diagrams 
[61] of the Na2O-SiO2-P2O5 have shown the existence of 
phosphate groups, silicophosphates, sodium silicates and S102 
in the crystalline state. Raman and infrared spectroscopy 
[78-80] has been applied to interpret the sodium 
phosphosilicate glass structure. However the presence of 
multiple peaks makes it difficult to interpret the spectra. A 
detailed study of crystallisation kinetics in Na20-SiO2-P205 
glasses has yet to be made. 
P205 is generally used as a nucleating agent in industry 
to produce fine grained micro-structural glass ceramics [1]. 
However P205 cannot be considered as a universal nucleating 
agent [81]. P205 mainly works in L12O-SiO2 glasses but not in 
other alkali silicates as it does in lithium silicates. This 
striking anomaly creates a need for further investigation. 
1.7 MULTINUCLEAR STUDIES 
Modern high field, broad band NMR spectrometers can 
detect signals from a wide range of nuclei. Most of the 
elements in the periodic table are now accessible to NMR 
study. Nuclei of NMR active isotopes can be divided into two 
groups : 
i) spin, I=2 or dipolar isotopes and 
ii) I >, 1 or quadrupolar isotopes. 
Quadrupolar nuclei can again be classified as (i) integral 
spin and (ii) half integral spin. The charge distribution for 
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a quadrupolar nucleus is non spherical and gives rise to an 
electric quadrupole moment. The quadrupolar interaction is 
considered as a perturbation to the Zeeman levels and lifts 
the degeneracy of (2I+1) states. 
For high resolution NMR studies each group of nuclei has 
certain advantages and disadvantages over the others. In the 
case of solids the spin-lattice relaxation time, i. e. time 
taken by the spins to relax back from the excited state to 
thermal equilibrium with the lattice, for I=k nuclei is 
typically 103 - 107 times greater than that of I>, 1 nuclei. 
Therefore the time taken to investigate I=z nuclei is much 
longer than for quadrupolar nuclei. Moreover the NMR signal 
from I= k nuclei is broadened only by the chemical shift (see 
Section 2.2.1) and by the dipolar interaction both of which 
can be removed by magic angle spinning [37-39]. Thus intense 
narrow lines can be obtained from I=/ isotopes. On the other 
hand the quadrupolar interaction, for I>, l nuclei, can only be 
partially removed (see section 2.4.3) by spinning the sample 
and relatively broad lines are often obtained. 
The principal use of multinuclear study is the 
identification of phases and the particular environment of the 
nuclei. A phase may contain different types of nuclei. 
Therefore an understanding of the local order of all the 
nuclei is essential to interpret the structure. However there 
is a difficulty in this respect. For example, L12Si2O5 
consists of three kinds of nuclei. Among these nuclei 
naturally abundant lithium and silicon have magnetic moments 
but oxygen-16 has not. Thus the local order of oxygen can 
only be understood if the sample is enriched with expensive 
oxygen-17. 
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As the NMR signal is proportional to the number of 
nuclei present in the sample [82], the NMR signal from 
different nuclei can be used to quantify various components. 
Quantification can be made from this signal directly for I=2 
nuclei provided that the standard and the sample of interest 
run under the same conditions and no saturation occurs due to 
relaxation delay. But for I>1 nuclei several factors must be 
taken into account. One of the most important factors is the 
electric field gradient (efg) at the site of the nucleus which 
varies with symmetry of the electron distribution around the 
nucleus. Signals from a nucleus with large efg. may be 
relatively small and quantification will be inaccurate. 
Quadrupolar lineshape studies of integral spin nuclei 
are different from the I=2 nuclei because the shape is 
governed by strong first order quadrupolar interaction. For 
the half integral spin the shapes of + 2-y -z and + , ý2-*i)- Z 
transitions may provide some useful information about efg., 
symmetry of the electron distribution etc. 
In multi-nuclear studies the relative sensitivity of the 
investigated nuclei are of common interest. For a nucleus, x, 
the receptivity is defined as [821 
RX = IY3X ax IX (Ix + 1)) ... ... (1.4) 
where Y= gyromagnetic ratio 
a= natural abundance 
I= nuclear spin 
For I=--2 nuclei RX can be obtained readily from equ. (1.4) but 
for quadrupolar nuclei certain precautions are necessary. The 
line width of quadrupolar nuclei is dependent upon the static 
field applied to the sample, nuclear spin and quadrupole 
-17- 
moment. Therefore line width is one of the important factors 
to be taken into account for the calculation of receptivity. 
The relative sensitivity of the isotopes studied in this 
thesis along with their line width factor (for quadrupolar 
nuclei only) and operating frequency at 8.45 T are presented 
in Appendix A. 
Among the nuclei in the periodic table 29Si, 31P, 27A1 
are of major interest because of their sensitivity to local 
order and relative ease of obtaining an NMR signal. 
29Si is 
the most studied isotope in minerals, glasses and zeolites 
[48-54,83-86]. High resolution spectra obtained from MAS NMR 
can be used to identify the co-ordination number and the local 
order of the 
29Si. 29Si NMR can also provide an estimate of 
Si-O-Si/Al bond angle, Si-0 bond distance and polymeric state 
etc. The degree of crystallisation can also be determined 
from the relatively narrow line of the 29Si NMR. Figure (1.6) 
shows the 
29Si spectra of lithium silicate glass and that heat 
treated at 525°C/6h. The peak at -91 PPM for the latter is 
comparatively narrow and this shows the presence of lithium 
disilicate crystal in the material. 
Phosphorus is one of the major constituents of inorganic 
solids, e. g. teeth, bone, synthetic and natural silicate 
glasses etc. [87]. Addition of small amounts of phosphorus to 
optical fibres improves the overall properties [88]. 
Phosphorus may also play an important role on crystallisation 
and thermodynamic behaviour of natural silicate glasses [89]. 
The wide chemical shift range of 
31P, 711 PPM [90], allows 
identification of the phosphate species in the material. The 
31P chemical shift mainly depends upon the oxidation state, 
structural configuration, electronegative substituents etc. 
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Figure 1.5 Line narrowing of Na nucleus in sodium 
disilicate crystalline material due to 
magic angle spinning. (a) Spinning (b) 
static. 
1II1 
0 -50 -100 -150 -200 PPM 
Figure 1.6 29Si resonance of 24.6Li20.75.3SiO2. (a) 
Heat treated at 525 C/6h and (b) glass 
showing the line narrowing due to the 
presence of crystalline Lie Sie O5 . 
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i 
Therefore from the chemical shift most of the structural 
parameters, e. g. nearest neighbour, next nearest neighbour, 
state of polymerisation etc. can be determined. However long 
chain and ring phosphate species have a large (-4.0 kHz) 
dipolar interaction. Therefore in a MAS NMR experiment the 
isotropic lineshape is flanked on both sides by spinning 
sidebands which can only be resolved if the spinning rate is 
>4 kHz. Thus a high speed spinning probe is essential to 
identify the chain or ring phosphates. Identification of 
species in glasses requires comparison with a crystal of known 
structure. But the 
31P chemical shift in glasses does not 
always correspond exactly to that of the crystalline 
environment [11,91] and therefore multi-nuclear approach e. g., 
29Si resonance in SiP2O7 like environments, could help to 
resolve the problem. 
The most common use of 27A1 is the identification of 
Al(4), A1(5) and Al(6) co-ordination in crystalline and glassy 
materials [92-94] as there is a distinct range of chemical 
shifts for each of the Al co-ordinations. However care in 
interpreting aluminium spectra is essential because both the 
peak position and line width can vary with magnetic field due 
to quadrupolar effects. Quantitative 27A1 is very effective 
if a suitable standard material is used. 
Apart from 29Si, 31P and 27A1 other nuclei, e. g. 
1H 
[95,96], 23Na [12], 25Mg [97], 11B [98], 85Rb [12], 89y [99], 
133Cs [12] etc. are also of interest in identifying phases of 
glasses and minerals etc. Either NMR or MAS NMR of these 
nuclei provide lines characteristic of the local order of them 
and so the respective environments can be identified. 
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1.8 AIM OF THE THESIS 
High resolution microscopy is not very effective in 
identification of species in glasses because of the low 
contrast. The use of spectroscopic techniques, e. g. infrared, 
Raman have provided some interesting but not conclusive 
results [100-102]. Some other techniques, e. g. molecular 
dynamics method [103], predicts four and five coordinated 
silicon whereas neutron diffraction [104] predicts four 
coordinated silicon in alkali silicate glasses. Therefore, 
results presented to date are contradictory. 
Although NMR spectroscopy has been successfully applied 
to investigate glass structures; the results, even in simple 
binary alkali silicate system, are interpreted within various 
models which results in contradictory conclusions. It is well 
known that, in the crystalline state, silicon exists in 
octahedral co-ordination [105]. However in glasses the 
existence of Si(6) has not been observed. In order to resolve 
these problems an attempt is made 
i) to determine the relative amounts of Qm species 
present in Li2O-SiO2 glasses, 
ii) to investigate new co-ordination states of the 
network formers, 
iii) to describe the effect of phosphate addition, and 
iv) to determine the early phase separation in binary 
alkali silicate glasses. 
-21- 
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CHAPTER 2 
THEORETICAL FRAMEWORK 
2.1 NUCLEAR MAGNETIC RESONANCE (NMR) 
The term magnetic resonance refers to the fact that at 
certain critical frequencies the material under study absorbs 
energy from an imposed radio frequency (rf) field which is in 
tune with a natural frequency of the magnetic system 
corresponding to the frequency of gyroscopic precession of the 
magnetic moment in an external static magnetic field BO. 
A nucleus may possess a total magnetic moment µ and a 
T total angular momentum J which are parallel and can be written 
as 
µ=YJ 
=Y 
tiI 
0.0000900 
(2.1) 
where Y is the gyromagnetic ratio and I is the nuclear spin 
number. In the presence of the field BD an energy of 
interaction between the magnetic moment µ and the field Bo 
can be expressed by a simple Hamiltonian 
H=µ. BO 
000000000000(2.2) 
Considering BO along the Z direction, one can have from equs. 
(2.1) and (2.2) 
H=- YTiBOIZ 0 .. .0.00. 
(2.3) 
Therefore the allowed energies are 
Em = Y11Bpm 0 .. 0.000. 
(2.4) 
where m=I, I-1, .... , -I i. e., m can have (2I+1) values. The 
difference between two states is therefore 
AE- «h wo =-Yh BO 
000e. 00.0 
(2.5) 
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From equ. (2.5) 
WO =-Y Bo 
000000.9. 
(2.6) 
in which w0 is the Larmor angular frequency. Equ. (2.6) 
describes the precession of a magnetic dipole moment µ placed 
in a magnetic field BO as shown in Figure (2.1. a). The 
negative sign means the motion is in the indicated direction. 
The precession of µ in BO will result in a torque and the 
equation of motion can be expressed in the laboratory frame as 
dJ 
=µ x BO 
dt 
d 
y x BD 
dt 
000 *ob". " 
(2.7) 
In the rotating frame the rate of change of µ with angular 
velocity w is given by [1,2] 
dp ... 
=Yµx (Bo + w/Y ) 
dt ... ... (2.8) 
Equ. (2.8) in conjunction with equ. (2.6), if w-= w0, gives 
Sµ 
=0 
at 000 ... ... (2.9) 
i. e. in the rotating frame µ is constant but in the laboratory 
frame it is rotating with angular velocity 0. If an 
additional oscillating magnetic field yB1 applied at right 
angles to B0, in the plane containing µ and B0, equ. (2.8) 
becomes 
611 
6t 
Yµx (B0 + B1 + w/Y ) ... ... (2.10) 
-29- 
The resonance occurs when the frequency w of the oscillating 
field B1 becomes equal to the Larmor frequency of precession, 
i. e. C= w0 and equ. (2.10) becomes 
S=YixBl......... (2.11) 
bt 
Therefore on resonance the effective field in the rotating 
frame Beff ° B1 and the magnetization rotates around the 
direction of B1 with angular velocity YB1 in the laboratory 
frame. If w -* w0, equ. (2.10) takes the form 
µW w0 A -' 
-= Yµx + B1 Y 
... ... (2.12) öt 
So, for off - resonance, Beff is the resultant of B1 and 
(w-w 0)/y as shown in Figure (2.1. b). Therefore the field 
B1 required to flip the polarisation vector M for off- 
resonance is less than the on-resonance case. 
Theoretical details of NMR can be found in Farar and 
Becker [1], Slichter [2], Abragam [3], Harris [4], Derome [5] 
etc. 
2.2 NUCLEAR SPIN INTERACTIONS 
Nuclear spins interact with the lattice and with each 
other. The magnitude of these interactions depends on the 
magnitude, orientation and relative positions of the nuclei 
magnetic moments. Mehring [6] and Haeberlin [7] suggested 
seven different type of spin interactions in solids. Out of 
these interactions the principle nuclear interactions are 
i) Zeeman interaction 
ii) Chemical shift interaction 
iii) Dipole-dipole interaction and 
iv) Nuclear electric quadrupole interaction. 
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The shape of the MIR spectra of powder samples for half spin 
(I=2) nuclei depends upon the chemical shift, and the indirect 
and direct dipole-dipole interactions. The quadrupolar 
interaction is often dominant for nuclei of spin, I>?. A 
brief account of the Zeeman interaction has already been 
discussed in Section 2.2 and the rest will now be discussed in 
brief. 
2.2.1 CHEMICAL SHIFT INTERACTION 
The origin of the chemical shift is the screening 
produced by the electrons surrounding the nucleus. The 
resonance frequency of a nucleus depends on the state of its 
chemical environment [8-11] and the first separate resonance 
lines are observed for chemically different environment 
protons in the same molecule in 1951 [12]. For I=2 nuclei the 
different resonance positions corresponding to nuclei of 
different environments are called chemical shifts. In metal 
more 
this shift is generally,, positive than in insulators and is 
known as the Knight shift after the name of the discoverer 
[8]. The chemical shifts can provide structural information. 
The Larmor precession of the electronic charges and 
polarisation of the electronic shells due to applied magnetic 
field BO cause a change of local field at the site of nuclei. 
Thus at the nucleus the magnetic field is [3] 
B= BO (1 -Q)000000009 (2.13) 
where a is a rank 2 tensor and is a measure of the chemical 
shift. The magnitude of shielding depends upon the response 
of the electrons charges surrounding the nucleus relative to 
the applied field Bj. Therefore the chemical shift is related 
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to electron density (ED), bond angle (BA), bond length (BL), 
bond strength (BS), nearest neighbour (NN) and next nearest 
neighbour (NNN) etc., i. e. 
4 
a=f (ED, BA, BL, BS, NN, NNN) ... 000 
(2.14) 
The Hamiltonian describing the interaction can be written as 
HC =h 1Yj11. cri .B... ... ... (2.15) 
The term ai. B is the magnetic field induced by the electrons 
at the site of the ith nucleus. From equ. (2.13), one can 
write 
w=YB= YBO (1- Q) 0 .. 0.. 0 .. (2.16) 
where w is the resonance frequency. 
The shielding factor a for a nucleus of interest is 
measured relative to a reference material. From equ. (2.16) 
one can write 
vS - vR = (Y/2nXQR-as)Bo 0 .. 99 . (2.17) 
The subscripts S and R refer to the sample of interest and 
reference respectively. The term vR- aS is called the 
chemical shift, Si. The 51 is defined in the dimensionless 
unit of parts per million (PPM) and can be written from equ. 
(2.17) as 
bi = 
vs vR 
x 106 PPM ... ... (2.18) vR 
where vS and vR are the resonance frequency due to different 
amounts of field at the site of the sample of interest and 
reference respectively. 
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2.2.2 MAGNETIC DIPOLE-DIPOLE INTERACTION 
The dipole-dipole interaction is the coupling between 
two spins of magnetic moment µi and µj separated by the 
internuclear vector rrij describing their relative positions. 
This interaction could be direct between the spins, i, j and 
could be indirect. Detailed description of these interactions 
can be found in references [1-7]. 
The dipolar Hamiltonian HD can be written in truncated 
form [3] as 
2 
Hp =2Ii 
Y3 
(3cos2 Aid - 1)(Ii. Ij-31iZIjZ) (2.19) 
2 
iýý 
rjJ 
where Aij is the angle between the Zeeman field BO and rij. 
From equ. 2.19 it is evident that HD depends on the 
internuclar vector rij, the angle 9ij, and on the spin 
interactions. 
During the Larmor precession around the field BO the 
projections of the dipole of magnetic moment µi generates a 
static component along the field BO and a rotational component 
perpendicular to BO. The static component of µi produces a 
static field at the site of µj which is either parallel or 
antiparallel to BO and this causes a spread in the Larmor 
frequences for a polycrystalline sample [6,7] and hence a 
broadening of the line shape. The rotating component of µi 
produces a local magnetic field at the site of µj and also 
broadens the lineshape. The broadening caused by dipolar 
interaction obscures the information in the NMR spectra of 
amorphous and polycrystalline materials. 
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2.2.3 NUCLEAR QUADRUPOLAR INTERACTION 
The nuclear quadrupolar moment is a measure of the 
deviation of electric charge distribution from its spherical 
symmetry. Thus the interaction dominates in a nucleus of 
spin, I>i. The nuclear electric quadrupole moment interacts 
with the electric field gradient which is produced by the 
electric charges close to the nucleus. For high resolution 
NMR, the static magnetic field BO is very large and the 
quadrupolar interaction energy is assumed to be small compared 
to the interaction between the nuclear magnetic moment and the 
external magnetic field Bo. In the calculation of energy, the 
quadrupolar interaction is therefore considered as a 
perturbation on the Zeeman interaction [13]. The quadrupolar 
interaction produces a fine structure of resonance lines and 
can cause broadening or apparent loss of intensity of the 
resonance line. 
The Hamiltonian of a nuclear spin with a quadrupole 
moment can be written as [3] 
H=HZ+HQ 0 .. 
where HZ =-Y hBOIZ """ 
is the Zeeman Hamiltonian and 
... ... (2 20) . 
".. ... (2.21) 
HQ -2 
- [12 (3 cos2A-1) f 3IZ2 -I (I + 1)} 
41(21-1) 
3 
+2 
3 
+z. 
sine cos9 ( IZ (I+ + I_) + (I+ - I_)IZ 
} 
sin26 (I+2 + I_2)] ... ... (2.22) 
is the quadrupolar Hamiltonian. Here 
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eq = electric field gradient 
eQ = quadrupole moment and 
IA, = Ix +iIy 
represent the creation and destruction operator respectively. 
The diagonal (o m= 0) and off-diagonal ( Am = +1, +2) matrix 
elements in equ. (2.22) can be considered as perturbations. 
Using the standard perturbation theory the energy levels can 
be calculated as [3] 
(k) 
... ... ... (2.23) Em k>0 
Em 
where Em(0) h vLm ... 000 ... (2.24) 
Em(1)= /h vQ(3 µ2 -1) (m2 - 1/3 a) ... ... (2.25) 
V3 
Em(2) -h 12QVL m2 µ2 (1- µ2) ($m2 - 4a +1) 
+$ (1- µ2)2 (-2m2 + 2a -1) ... ... 
(2.26) 
etc. Here 
YBO 
vL =u 
3e2qQ 
v Q 21(21-1) h ... ... ... (2.27) 
µ= pose 
a= I(I+1) 
The higher order energies can be found in ref. [14]. Equ. 
(2.24) represents the Zeeman interaction and equs. (2.25), 
(2.26) represent the first and second order energies due to 
quadrupole interaction respectivly. From the equs. (2.24 - 
2.26) the zero, first and the second order perturbation 
energies for the different m values (m =-3/2,3/2) due 
to spin, I= 3/2 can be written as 
-35- 
E(0) = hvL 
(3113 
l2 2' 2 2/ 
... ... (2.28) 
E(1) =4h vQ (3 cos29 -1) (1, -1, -1,1) ... (2.29) 
3h VQ 2 sin4e 
E(2)= 16 vL L5mn228 (1, -1,1, -1)+ 2 (1,1, -1, -1) (2.30) 
The numbers separated by commas within the brackets represent 
the splitting of the magnetic resonance lines corresponding to 
m= -3/2, -/, 2,3/2 values as shown in Figure (2.2). From 
equations (2.28 - 2.30) it is obvious that the line shape will 
be a combination of several resonance frequences 
vm7v 
(k) 
... ... (2.31) m k>0 m 
where Em-1(0) - Em(0) vm(0) =h= vT 
000"" 
(2.32) 
Vm 
Em-1(1) 
h- 
EM(l) Mý)- 
I3 µ2 -1 
VQ(m 2)2... 
... (2.33) 
vm(2) - 
Em-l(t) - Em(t) 
h 
2 
= 12 
[22 
µ2 (1- µ2) (8m2 - 4a+1) 
L 
3 
+3 (1- p2)2 (-2m2 + 2a - 1)] ... (2.34) 8 
From equ. (2.33) v 
(i) 
z=0i. e. for 2 integral spin the 
- --- +A transition is unaffected by quadrupolar 
interaction. But other transitions, m --º(m-1) with m0i, 
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Figure 2.1 (a) Precession of a magnetic moment about a fixed magnetic 
field Bp. (b) The effect of off-resonance pulse. 
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Figure 2.2 Splitting of energy levels of I= 3/2 due to Zeeman and quadrupolar interactions. 
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are shifted byl( vQ/2) (3 cos20 -1)Ion the both sides of the 
-2---+z transitions. Equ. (2.34) shows that 
AV(2) = vm(2) - v_m(2) =0... ... (2.35) 
and the first order frequency shift 
ov(1) = vm(1) - v-m 
(1) 
= vQ (m-2)(3 cos20 -1) ... 0 .. (2.36) 
can be used to calculate the distance between the two 
satellite lines (m-l)---ºm and 
2.3 STATIC POWDER SPECTRUM LINE SHAPES IN SOLIDS 
A powder consists of randomly oriented single crystals 
which gives rise to a powder spectrum which is a continuous 
distribution of frequencies. The calculation of this powder 
line shape considering anisotropic effects was first done by 
Bloembergen and Rowland [15,161. They showed that for spin z 
nuclei the intensity of the NMR signal at a frequency w with 
the convention '33 > 122 > wll is 
1 
Ii w) _ [(w - wll)( w33 - w22)]_i K(M) ... (2.37) 
where 
TT/2 
K(M) !dy (1-M sin2Y 
0 
is the elliptic integral of the first kind in which 
M= 
'22 `''11) ( w33 -w) 
33 - "22 w- wll ".. ... 
(2.38) " 
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For axially symmetric case wll = w22 and the equ. (2.37) can 
be expressed as 
I(w) =i1 (w - wll)( '33 - w22)3 -i ... (2.39) 
The plots of equs. (2.37) and (2.39) with and without 
additional broadening are shown in Figure (2.3). The 
principal components of the chemical shift tensors ( axx, ayy 
and c) can be obtained directly from the discontinuities at 
I'll, 122 and W33 in the diagram. 
In a sample the internuclear distance between identical 
spins may be short and as a result the dipolar interaction 
becomes strong. Under these circumstances nuclear spins form 
groups of either two, three or four etc. spins. The NMR shape 
for such a case exhibits fine structure [17]. 
In the presence of an external magnetic field Bo the 
energy levels for the interaction between pairs of I=/ spins 
can be calculated [3]. The separation between the resonances 
with respect to the centre of gravity is given by 
3 Y2 
h=+4 (3 cos29-1) ... ... (2.40) 
The total spectrum for the range -2d<h<+2d, where 
d= (3/4) Y 2h r-3 can be defined by [3] 
h 
f(h) =(-d+ 1) (-2d<h<-d) 
h 
_ljz h 
d+ 1) +(d +1) (-d<h<d) (2.41) 
h 
ai+ 10 ; (d<h<2d) 
-39- 
w 
Figure 2.3 Nuclear magnetic resonance powder line shapes in solids 
for different asymmetry. (a) to (e) are shown for til * 
W22 and (f) is for axially symmetric (Wil s t. 22). Solid lines are drawn with additional line broadening. 
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QX X QYY ßZZ 
QXX = oyy oZZ 
is shown in Figure (2.4 ) for proton resonance in gypsum 
(broken line). In practice this line shape will be broadened 
by the interaction of the other pairs of spins of crystallites 
which are oriented randomly within the powder sample. The 
resulted spectrum is shown by the solid line (Figure 2.4). 
For quadrupolar nuclei (spin, I>Z) the situation is 
quite different because of their quadrupole moment. The 
quadrupole interaction must be small compared to the Zeeman 
interaction for the line to be observable directly from NMR. 
Bloembergen [18] also calculated the first and second order 
line shapes as shown in Figure (2.5) for I= 3/2 and q =0. 
2.4 NMR IN ROTATING SOLIDS 
2.4.1 INTRODUCTION 
In 1958 Andrew et al. [19,20] discovered a novel way of 
eliminating the broadening caused by different interactions 
from the NMR spectra of solids by rotating the sample at 
5404417" to the field direction. The major interactions are 
(3cos2ß -1) dependent, where ß is the angle between the axis 
of rotation and the applied field BO, and for ß= cos-1(1/ 3) 
= 5404417" most of the interactions become insignificant. 
Andrew et al. also proved that the square root of the second 
moment [21] remains invariant considering the spinning effect 
along with the isotropic lineshape. Later in 1959 Lowe [22] 
also showed the motional narrowing and invariance of the 
second moment for 
19F in powdered CaF2 and teflon due to rapid 
rotation of the sample at the angle ß. NMR in rotating 
samples has played an important role for elucidation of 
structural problemsin solids since that time. 
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Figure 2.4 Powder pattern for proton resonance in gypsum. The broken 
line is theoretical shape (equ. 2.41) and the solid line 
is gaussian broadening superimposed (ref. 17). 
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Figure 2.5 (a) First order quadrupolar powder pattern for I= 3/2 and r=0. (b) Second order pattern for the centre band. vQ = e2qQ/2h and A= (a-3/4)vä /16vt. ( ref. 15 ). 
-42- 
-42.6 0 42.6 
Frequency (ktlz ) 
Vý -VQ VL-VQ/2 VL VL+VQ/2 VL+VQ 
II 
b) II ýI 
2.4.2 GENERALISATION OF HAMILTONIAN FOR A ROTATING SAMPLE 
The Hamiltonian for the spin interactions K (chemical 
shift, dipolar etc. ) of the spins i, j, ... etc. can be written 
as (7,23] 
HK = CK (-1)m R1 
'_m 
Tlm ... ... (2.42) 
= m=-1 
1=0,1 ,2 represent the interactions requiring tensors upto 
second rank, CK depends on physical constants appropriate to 
K. Rl, 
_m and 
Tlm are irreducible spherical tensor components 
K 
expressing the spatial and spin dependence of H. Both the 
tensors can be written in a co-ordinate system fixed in the 
laboratory with its polar axes parallel to BO [20]. In order 
to transform from the laboratory to the rotating frame Tlm can 
be written using the Wigner rotation matrix [241 as 
Timt _ Dm1 (O, O, i w0t) T1m 
m 
_ exp (-im' w0t) Tim """ """ (2.43) 
m 
where Tlm represent the components of Tlm. Due to rotation 
of the sample, the Hamiltonian becomes time dependent and can 
be expressed for the order (m=0) as 
2n 
J 
/w 
`"'0 
H0 = 2n H(t') dt' 
0 
= CR00 T00 + CR10 T10 + CR20 T20 0 "" (2.44) 
The first and the second term contribute to the chemical shift 
interaction and only the last term contributes to the dipolar 
-43- 
and quadrupole interactions because of the matrix elements of 
R. The term R00 represents the isotropic contribution and the 
terms Rlm (m=-1,0,1) are traceless and antisymmetric, and R2m 
(m = -2, -1,0,1,2) are also traceless but symmetric. The 
antisymmetric components cannot be observed by spectroscopic 
technique and the tensor R2m can be re-written in a coordinate 
system fixed in the rotor using the Wigner rotation matrix as 
[7] 
R2m' _ %z(3cos2ß -1)r20+ /8 sin2p(r21exp(i wrt)-r2, -lexpE-iwrt)) 
+ 378 sin2p (r22exp(2i wrt)+r2, _2 exp 
(-21 wrt)) .. (2.45) 
where P= angle between the axis of rotation and the field 
BO 
wr = rotational frequency 
2m' = components of R2m 
Therefore equ. 2.39 can be written as 
HO = Cr00 T00 +C T20 [h(3cos2 p -1) r20 + 
3/8 sing P (r21exp(i w=t)-r2, _lexp(i wrt)) + 
3/8 sin2 p(r22exp(2i w rt)-r2, _2exp(-2i wrt))] 
(2.46) 
The symmetric tensor rlm can be diagonalised by a rotation 
o( a', ß', y') into its principal axis system (PAS), 
where a', p' and y' are Euler angle. The tensor rlm can be 
transformed as before and can be written as 
3cos2p -1 
r2m' -2 P20 + 3/8 sing p' exp(21 Y') 
P22 
+13/8 sin2 p' exp(-2i Y') P2, -2 ... ... (2.47) 
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Conventionally P00, P20 and P2, t2 are defined as 
1 
P00 =3 TrR 
P470 
0=v...... 000 
(2.48) JT C 
P2 
, &-2 
= P21,9 S 
where b and q represent the anisotropy and asymmetry in the 
sample respectively. According to Haeberlin [7] the 
anisotropic range, and the asymmetry parameter r are defined 
as 
3 
Da=2S = azz axx + ayy) 
and a py - axx ý1 = ... ... vZZ -1 )Tr a 
.60000 
(2.49) 
... (2.50) 
where axx , ayy and azz are the principal components of the 
chemical shift tensor a. Using the Equs. (2.46,2.47) and 
the definition (2.48), and collecting terms the truncated 
Hamiltonian of Equ. (2.44) can be written as [23] 
HO =C P00 T00 + 3/2C 6 T20 [i(3 cos2ß -1)] 
I/(3cos2 /2)sin2ß` cos2 yh ]+ 3/2CS Teo fi(t) (2.51) 
where 
ý (t)om/ sin2p sin ß' (Xicos a' -i sin2 y' sin a' )cos wrt 
-' sing ß sing' (Xlsin a' + ii sin2 Y' cos a') sin cart 
+hsin2 ß (X2cos2 a' - ncos ß' sin2 Y' sing a') cos2 wrt 
-1sin2 ß (X2sin2a' + ilcos p'sin2 Y'cos 2a' )sin2L t (2.52) 
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Here X1 = cos ß' ( ri cos2y' -3) and 
X2 = (3/2) sing ß' + (T1 /2)cos2y' (1 + cost ß') ... (2.53) 
HO in equ. (2.51) is the generalised Hamiltonian. The first 
term gives the isotropic line shape. The second and the third 
term give the reduced chemical shift, dipolar etc. 
interactions. The fourth term is periodic with w r, i. e. the 
effect of rotation will be obtained periodically. 
2.4.3 MAGIC ANGLE SPINNING AND LINE NARROWING 
When a powder sample is rotated uniformly with an 
angular velocity wr inclined at an angle ß to the Zeeman 
field direction, all the interactions become time dependent 
with a period2T' as shown in equ. (2.51) which can be written 
as 
H=H+H (t) 
000 000 ... 
(2.54) 
where H represents the isotropic Hamiltonian and H(t) is the 
sum of the anisotropic interaction Hamiltonians. For ß= 
54.70, most of the anisotropic interactions reduce to zero; so 
that polycrystalline powders exhibit sharp resonances 
corresponding to different environments of the nuclei, and 
spinning at this particular angle is called magic angle 
spinning. 
At the magic angle /(3 cost ß -1) =0 and equ. (2.51) for 
the chemical shift interaction (K=CS) can be written as 
HOCS = coS Poo Too + CCS J(3/2) T20 b fi(t) 
Yi B0 Izi [ Qi + bi 4CS (t)] ... (2.55) 
ai can be expressed in terms of principal components of 
chemical shift tensors as 
-46- 
Qi = 1/3 ( Qxx +Q yy + QZZ) 410 .0.. 
(2.56) 
Equ. (2.55) provides a narrow isotropic line shape along with 
spinning sidebands periodic with wr. An example of reducing 
chemical shift anisotropy is shown in Figure (2.6). 
For the case of dipolar interaction (K=D) at the magic 
angle, equ. (2.57) takes the form 
HD =3 /2 CD 6 T20 4D (t) 
= Yj YjTi rid-3 (Ii. Ij -3Izi IZj) ýD(t) ... (2.57) 
The Hermitian dynamical variables IX, Iy and IZ of the spins 
Ii and Ii for different pair (ij ) and (i k) do not commute 
and therefore the resultant interaction can be described as 
(i) homogeneous and (ii) inhomogeneous interactions [25]. 
Dipolar interaction between like spins causes homogeneous 
broadening in the spectra, but that interaction between unlike 
spins, i. e. spins with different Larmor frequences causes 
inhomogeneous broadening. The periodicity of equ. (2.57) will 
provide dipolar spinning sidebands on both sides of the 
isotropic line shape as shown in Figure (2.7). For some 
special cases, the coupling between spin half nuclei and 
quadrupolar nuclei, the angular dependence become different 
from equ. (2.51). If quadrupolar nuclei have a large efg 
(MHz) and this has an impact on the isotopically abundant 
nuclei like 
31p, 1H etc.; the spinning at the magic angle 
cannot totally reduce the broadening from the NMR spectra of 
these nuclei [261. 
The spread of spinning sidebands is comparable with the 
static line width A. Therefore one would expect spinning 
sidebands if wr <0. Once wr >" 9 the resolution does not 
-47- 
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from the 29Si spectra of crystalline 
Li20.2SiO2 . 
PPM 
Figure 2.7 Reduction of dipolar interaction from 
the 31P spectra of L13P04. There may 
be little chemical shift anisotropy 
as well. 
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50 0 -50 
further increase but the sensitivity increases until wr > 
because all the signal appears as isotropic line shape. 
The ýCS(t) in equ. (2.55) is an oscillating function and 
the spin system returns back to its initial position after one 
complete rotation. The resultant of this effect is that the 
FID assumes the form of rotational echoes whose shape function 
g(t) is given by [231 
t 
g(t) =Y. Pn exp(i w0 ant)Texp[i cß'0 bn ýsn(t' )dt' ]... (2.58) 
where pn represents the population of the species n, s 
represents the spin packets and w0 is the Larmor frequency. 
For t= q (2 n/ wr), where q is an integer, 
It ' sn(t)dt' =0... ... (2.59) 
and the sum over s represents a train of echoes, all having 
the same shape gen [t -q (2rr/ wr)] which can be represented 
as [27] 
W[t- (2n wr) ]* gen ... 0 .. (2.60) 
where W [t - (2 n/w r) 
I is the sampling function and * 
represents convolution. The term preceding s in equ. (2.58) 
represents the FID corresponding to isotropic contribution, 
gIn(t)" Therefore equ. (2.58) can be written as 
g(t) = 
Y. gIn (t) [W(t -2n/w r) * gen 
(t)] ... (2.61) 
n 
Fourier transform of this equ. will give a series of spinning 
sidebands separated by frequency wr/2n representative of the 
spinning echoes, on the both sides of the isotropic line. The 
effect of spinning at different wr will be the displacement 
-49- 
of the spinning sidebands by different amounts but the 
isotropic line will be at the same position; from which the 
isotropic line can be identified. The formation of echoes and 
the spinning sidebands are shown in Figure (3.6. b) 
The effect of MAS on quadrupolar nuclei is different 
from the chemical shift or the dipolar interaction because of 
different angular dependence of the quadrupolar Hamiltonian 
[28,29]. Calculation showed that the first order quadrupolar 
interaction is proportional to (3 cos2ß -1) but that of second 
order is not. Therefore MAS could reduce the first order 
quadrupolar broadening more effectively than that of the 
second order as shown in Figure (2.8 and 2.9). For the second 
order quadrupolar interaction Freude et al. [30] showed that 
the square root of the ratio of the second moment, M2, for 
static and MAS in (M2/M2, MAS)/ = 3.625. Thus the second order 
quadrupolar interaction can be reduced by a factor of 3.6 to 
4.0 due to spinning at the magic angle (Figure 2.9). Variable 
angle spinning could more efficiently reduce the second order 
effect and it would provide a somewhat narrow line shape [31] 
at the expense of extra broadening from dipolar and chemical 
shift anisotropy effects. 
2.4.4 EXTRACTION OF Q xxp ayy AND Qzz FROM SPINNING SIDEBANDS 
So far three methods have been designed to extract 
chemical shift parameters from the spinning sidebands (SS). 
(i) Moment analysis [23] which needs an accurate measurement 
of sideband intensity, (ii) graphical analysis [32] which is 
based on the ratios of the intensity of spinning sidebands to 
the isotropic lineshape and (iii) computer simulation [33]. 
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Figure 2.9 Reduction of second order quadrupolar 
interaction from the 23Na spectra of 
crystalline Na20.2SiO2. 
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Normally the higher order SS have lower intensities and may 
also be obscured by noise. This occurs frequently for 
glasses, glass-ceramics and ceramics because of long T1 
relaxation times. Therefore the accuracy of the chemical 
shift tensors and hence the anisotropic ranges are severely 
affected due to neglect of higher order SS [33]. However, in 
the graphical method the tensor components are unaffected by 
missing the higher order SS [33]. The computer simulation 
method has no great advantage over graphical analysis but it 
has been employed to extract the chemical shift parameters in 
glasses and glass-ceramics of interest [33-36]. In this 
thesis both the graphical analysis and the simulation method 
are employed to extract the chemical shift parameters. 
For slow spinning speeds, i. e. wr <A but greater than 
the broadening caused by homogeneous interactions, the shape 
of the sideband pattern is governed by the powder lineshape. 
The line intensities are dependent only upon [32] 
Q- _( 'O/ wr) 
( 
Qyy - Qxx) 
... ... 
(2.62) 
and 1+ = (3 wo/ 'r) ( Qzz - aj) 
The relative intensities of the Nth sidebands, IN9 can be 
calculated from the equations described by Herzfield and 
Berger [321 for different values of p_ and A +. In order to 
cover all possible values of the chemical shift parameters the 
quantities 
I' = (w0/ wr) ( azz axx) 
and P=( axx + Qzz -2 aYY) /( 
0.00.40 
aZZ o)9' 
(2.63) 
(2.64) 
are defined. µ is always positive for positive wr and pa +1 
corresponding to axially symmetric tensors. Therefore p >, 0 
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and -1 ý< p< +1 can cover all the chemical shift parameters 
and the dependence of (IAN / IO), where 10 is the intensity of 
isotropic line, on p and p are shown by Herzfield and Berger 
using a set of contour maps [321. An example for (I+1/Io) is 
shown in Figure (2.10) and a typical plot showing the analysis 
of the sideband intensities to extract the chemical shift 
parameters in glass using the graphs of Herzfield and Berger 
is shown in Figure (2.11). Therefore extracting the values of 
P and P the values of the chemical shift tensors, 
asymmetry parameter and anisotropic range can be calculated by 
using equs. (2.49) and (2.50) of the preceding section. 
2.5 SPIN-LATTICE RELAXATION IN ROTATING SOLIDS 
When a system of spin 2 nuclei placed in an external 
strong magnetic field Bo, which is strong enough to consider 
broadening interactions as a small perturbation on Bo, the 
spin system relaxes to equilibrium via different paths 
following an excitation pulse [37]. If a second pulse is 
applied after a time t to sample the magnetisation, the amount 
of the recovered magnetisation is a characteristic of the 
time T1, generally called the spin-lattice relaxation time. 
Thus T1 serves as a measure of the rate with which the spin 
system comes into equilibrium with its environment. When the 
coupling between the spins is stronger than the coupling with 
the lattice, the value of T1 can be computed from the 
population changes of nuclei due to coupling to the lattice 
(38]. In the case of motional narrowing, a density matrix is 
used to compute both the spin-spin relaxation time T2 and T1. 
The general treatment of these times for liquids and gases can 
be found in Abragam [3]. This thesis will be concerned with 
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-54- 
the T1 of some rotating solids with (I=h) and a brief 
theoretical background [39] is presented here. 
The Hamiltonian for spin interaction of a sample in an 
irreducible spherical tensor notation is given by equ. (2.42) 
HK =C (-1)m R2 
, -m 
T2m exp(im w0t) ... ... (2.65) 
where T2m are the components of Tlm (1=2 is considered only) 
and (O =Y BO. 
The Hamiltonian for the rotating sample experiment, in 
PAS rotates in spin space but is stationary with respect to 
the time dependent latticevariables, can be written as 
H=C (-1)m R2, _m(t)T2m exp(imw0t) ... 
(2.66) 
A rotation of the sample at an angular velocity wr leads to 
H= C(-1)m D2_m, -m' r2, -MIT 2m exp(im w 0t) exp(im' wrt) 
... (2.67) 
The equation of motion for the average density matrix 
can be written as 
dW cc 
dt 2J dT < [H(t), [H(t- T), all > ... ... (2.68) 
Using equ. (2.65) and (2.66) Haeberlin and Waugh [39] showed 
that the spin-lattice relaxation due to dipolar interaction is 
12 Y4 'n 
2 
-1 6 Ti 5rr 
This equation is 
relaxation time T1 
caused by the nj 
T 
4T 
I(1+1) -+ (2.69) 
l+ w0 T2 1+4 wog T2 
exactly the same as the spin-lattice 
in a liquid where the motional narrowing is 
itural phenomena. They also showed by 
considering the mechanical rotation of solids, e. g. by 
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considering equs. (2.67) and (2.68) for '0 » wr and m=0, 
that there is no dramatic change in the value of T1 compared 
to equ. (2.69). However the spin-spin relaxation time T2 
changes considerably [371. 
2.6 RELAXATION CAUSED BY PARAMAGNETIC SUBSTANCES 
In this study paramagnetic impurities have been 
introduced into the samples and a brief account of the effect 
of paramagnetic substances is given here. 
Bloembergen [37] in 1949, using a rigid lattice 
approximation, showed that for spin 2 nuclei relaxation is 
caused by the diffusion of the spin magnetic energy to the 
paramagnetic centres. The diffusion may take place via the 
flip-flop term (I+i I_i + I_i I+3) in equ. (2.20). Out of 
several ways there are two important ways to be considered. 
First the rate at which spin magnetic energy can diffuse to 
the paramagnetic centres and second, the rate at which the 
impurity can equilibrate spins in its immediate neighbourhood. 
Theoretically, paramagnetic impurities, even 1 PPM increase 
the linewidth [21]. But according to Bloembergen [37] the 
paramagnetic interaction is not effective until the number of 
paramagnetic centres become 1000 PPM. For ionic solids 
paramagnetic impurity levels as low as 10 PPM could change the 
temperature dependence of T1 relaxation time [40]. 
In the vicinity of the paramagnetic impurity the local 
field produced by the electron moment is very large. 
Therefore the Larmor frequencies of the nuclei within this 
region will be significantly different from the nuclei beyond 
this vicinity. Therefore spin diffusion will be prevented in 
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this region. There is no sharp boundary to this region but 
Blumberg [41] defined the radius of this region as 
3< µp > 
b=a... ... ... (2.70) µn 
by equating the field change in moving one lattice spacing 
with the nuclear linewidth determined by the local field, 
where 
8B(X) 2 T1 
2 
< µp> = Ypt1J [B2(X)+ --og - tan-'( T2) 
(2.71) 
Here YPII = PMn µB ; PMn is the effective Bohr magneton 
number, µg is the Bohr magneton, µn is the nuclear moment and 
X J+1 
B(X)=(T)... 
000 see 
(2.72) 
where X= yp tJB0/kuT, 
Tlp 
spin-lattice 
relaxation time of the paramagnetic 
a= lattice constant 
i= impurity spin and 
T2 = spin-spin relaxation time of the investigated nuclei. 
At a nuclear site, Ir - rnI < b, the contribution to the 
dipolar field can be ignored compared to the field produced by 
the randomly fluctuating impurity spin, where rn is the 
position of the nth impurity atoms. Considering spin 
diffusion Rorschach [42; shaved that the spin-lattice 
relaxation time in a static sample is inversely proportional 
to the concentration of the paramagnetic impurity. 
As the dipolar Hamiltonian (equ. 2.19) is proportional 
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to (3 cos20 -1) and for magic angle spinning the Hamiltonian 
can be shown to be periodic with rotational frequency, the 
spin diffusion might be affected by the mechanical rotation of 
the sample. Kessemeier and Norberg [43] showed the dependence 
of the time rate of change of magnetisation on wr in rotating 
solids at the magic axis as 
8 Mz(t) 1 
St T1 B0, ter) 
[Mz(t) - N0] ... ... (2.73) 
where 
8 
B1 3 TT 
NCý(B0) D4( wr) K314(; )/K_3/4(; ) (2.74) T1(B0 wr ) 
Here 
N= impurity concentration and 
Km(O = i-m Jm(i ý) is the hyperbolic Bessel function 
with (z)b-2 (Bp) [C(B0) / D( "'d 
where 
C(BO) = 3v 2 Yn2 ti2J(J+, )sin2p cos2ß Te[1+(wTe)]-1 and 
D (wr) = a2 W(wr) 
with a is the lattice constant and W (wr) is the probability 
of a flip-flop transition in the presence of wr. The value 
of W( Wr) is inversely proportional to the spin-spin 
relaxation time, T2 [37]. Thus W( wr) decreases with the 
increase of wr. Physically C(BO) defines the coupling 
strength between an impurity ion and a nuclear spin in its 
vicinity and D( wr) is the diffusion coefficient. In the case 
of diffusion limited relaxation ý »l; 
Km (ý) = K_m (4) and equ. (2.74) simplifies to 
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18 
T1 = ,ý ITNCk (B0) D3/4 (W ) ... ... (2.75) 
An increase of W. should increase the value of T1 until it 
fully reduces the interactions. For the fast diffusion limit 
4«1, 
1 4Tr NC(BC) 
Ti 3 b3 
independent of GJr. In both cases the plot of relaxation rate 
as a function of impurity concentration should give a straight 
line. 
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CHAPTER 3 
INSTRUMENTATION AND TECHNIQUES 
3.1 INTRODUCTION TO PULSED FOURIER TRANSFORM (PFT) 
SPECTROMETRY 
The basic principle involved in pulsed spectrometry is 
the excitation of a spin system by a short discontinuous, e. g. 
rectangular radio frequency (rf) wave form, B1, in the 
presence of a large magnetic field B0. In the pulse 
experiment the B1 field is switched on at t=0 for a short time 
(usually 0.5 - 40 µs) compared to T1 and T2 and then switched 
off at t=t'. The field B1 is orthogonal to BO and induces an 
alternating magnetic field 
B1 = B1 (Ix coswt + Iy sin wt) ... (3.1) 
of frequency w in the sample via the NMR coil. The 
oscillating frequency is almost equal to the Larmor frequency 
of the investigated nuclei. The B1 field nutates the spin 
magnetisation MZ from the OZ axes by a given angle 9 
described by 
9=Y Bi tT 
0000000.. 
(3.2) 
where Y is the gyromagnetic ratio and tp is the pulse width. 
At resonance the effective field Beff = B1 in the rotating 
frame [1-41. The magnetisation will precess about 
il in a 
plane (O, y', z') perpendicular to BO following a n/2 pulse in 
the laboratory frame if B1 is applied along the (x', 0,0) 
direction. During the experiment, the NMR coil lies in the 
(x, y, O) plane and, following the pulse, the magnetisation of 
the individual spins will fan out on the (x', y', 0) plane which 
will induce a decaying voltage at the rate exp(-t/T2) in the 
coil, where T2 is the spin - spin relaxation time. This 
signal following a pulse is called the Free Induction Decay 
-62- 
(FID) and the whole process is shown in Figure (3.1). This 
was first predicted theoretically by Torrey [5] and 
demonstrated practically by Hahn [6]. 
The FID is a time domain signal and the information 
about multicomponent phases is almost obscured. In 1957 Lowe 
and Norberg [7] theoretically demonstrated that this time 
domain signal is the Fourier transform (FT) of the 
corresponding steady state resonance line shape. This idea 
was implemented by Clark [8] using a box car integrator to 
find the absorption and dispersion mode signal from the FID. 
He used the integrator to integrate the area under the FID 
obtained as a function of magnetic field. In 1966 a detailed 
study was made by Ernst and Anderson [9] using the Bloch 
equations (10] of the conditions, i. e. the decaying mechanism 
of the spin system. According to their investigation Fourier 
transform of the FID using a Fast Fourier transform (FFT) 
algorithm [11] could provide spectral information in a more 
efficient manner than direct observation of the ordinary 
spectrum. They pointed out that Fourier transforming the FID 
obtained by a pulsed NMR spectrometer could provide the multi- 
line spectra corresponding to different environments of 
nuclei. The two techniques merged and the principle of pulsed 
Fourier transform (PFT) NMR spectrometry was established. 
The PFT NMR spectrometer has to have at least 
a) a magnet capable of providing a homogeneous high 
magnetic field since the signal intensity, I cc B02. 
Particularly for high resolution experiments, a super- 
conducting magnet is preferable. 
b) a transmitter capable of providing short (0.5 - 40 
µ4, strong ( 100 - 1000V) and homogeneous rf pulses to ensure 
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the same rotation of all the investigated nuclei and provide 
an undistorted FID. 
c) a pulse programmer capable of providing very stable 
time base pulses for all time intervals. The switch on-off 
can be expressed as 
V=0 for t=0 and t> t' 
V=V for t< t' 9 
i. e. the power must be turned on and off very quickly (- ns). 
d) a receiver to receive the signal following excitation 
which induces a voltage in the coil. The receiver must 
amplify the signal linearly from its initial microvolts to the 
voltage required to drive the analog to digital converter. 
e) probes of different frequency range to match the 
resonance frequency of different nuclei. The solid state NMR 
experiments require a special type of probe and spinner and 
these will be discussed briefly in section (3.3). 
f) the facilities to store the data for later 
manipulation. 
The exact resonance positions of nuclei in a sample 
depend upon the environments of the nuclei and are not known 
in advance and therefore a range of frequencies A is selected 
to cover the resonance frequencies of the spectrum. The 
applied rf of the carrier wave vo can be chosen at the centre 
of those frequencies and positive and negative frequencies are 
observed after Fourier transforming the FID. The frequency 
range A is called the spectral width. The value of o 
must also be large enough to provide a resonable base line. 
In practice n=6 v/ gives an unambiguous base line, where vz 
is the line width. The FID is a combination of absorption and 
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dispersion mode signals and a detector cannot detect the 
different phases of the complex waveform. Therefore two phase 
sensitive detectors (PSD) in quadrature, i. e. 900 out of phase 
with each other are used to detect the signal as shown in 
Figure (3.2). This technique increases the signal - to - 
noise ratio by f giving a time saving factor of 2. The 
detected signals are amplified, passed through low pass 
filters and are further amplified to switch on the analog to 
digital convertor (ADC). The signals are then digitised and 
saved in the memory blocks of a computer. A schematic diagram 
of a PFT NMR spectrometer is shown in Figure (3.2). 
3.2 THE BRUKER MSL 360 SPECTROMETER SYSTEM 
The Multipurpose Solid and Liquid (MSL-360) spectrometer 
is commercially available from Bruker Spectrospin. It is a 
compact assembly of the necessary components required for a 
PFT NMR spectrometer. A brief description extracted from the 
Bruker catalogues [13,14] is given here. 
The spectrometer is equipped with an Oxford super- 
conducting wide bore (89 mm) high field (8.45 T) magnet and an 
Aspect 3000 computer with Winchester disc system. The optimum 
homogeneity of the magnetic field is achieved by using the 
shim coils which generate very small local field gradients in 
comparison to the BO field. For the proton signal in water a 
linewidth of 28 to 36Hz was obtained by shimming the magnet. 
The rf electronics of the system consists of frequency 
generator, modulator, converter, receiver, transmitter, filter 
and rf - interface. The basic frequency is generated by a 
PTS-200 frequency synthesizer of standard resolution 1 Hz. 
Frequencies above 200 MHz are generated by mixing the 
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Figure 3.1 (a) Magnetisation M in laboratory frame before application of 
the pulse. (b) A n/2 pulse rotates the magnetisation M from 
0'Z' axis to O'Y' axis when pulse is applied along (X', 0,0) 
direction. (c) Dephasing of magnetic moments with time follo- 
wing a n/2 pulse showing decaying of the output signal. (d) 
Input pulse applied to (b). (e) Dephasing of magnetic moments 
continues until t >> T2. (f) Exponential FID corresponding to 
(c) and (e). (g) Fourier transform of the FID shown in (f). 
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Figure 3.2 Schematic diagram of a PFT NMR spectrometer. 
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appropriate frequency with the synthesizer frequency. The 
required frequency is then fed to a modulator unit via a rf 
gate. A pre-amplifier with appropriate matching receives the 
signal. The receiver is a broad-banded amplifier with linear 
gain from 1-404 MHz. A Bessel filter is used to obtain the 
optimum band width without phase distortion. Similar approach 
via different devices, wherever necessary, is used for the 
proton frequency ( 360.13 MHz). 
The experiments are controlled by means of computer 
programmes using the key board. A high level machine language 
is used to write the programmes. The system also provides 
plotter for the spectra, floppy disc drive, visual display 
unit and a printer for the general purposes. A block diagram 
for the essential components of the Bruker MSL-360 
spectrometer is shown in Figure (3.3). 
3.3 THE NMR PROBES AND SPINNERS 
The Bruker MSL-360 spectrometer is equipped with static, 
single and double bearing single coil probes to perform high 
resolution NMR experiments in solids and liquids. The single 
and double bearing (DB) probes have the facility for both 
static and magic angle spinning, with or without decoupling 
and cross-polarisation [15]. The associated rf electronics in 
Bruker probes are rather complicated and are described 
elsewhere [15]. The basic principle involved in the probe 
circuit is to transfer rf power from the transmitter to the 
coil and from the coil to the receiver as shown in Figure 
(3.4) which is based on the non-linear voltage characteristics 
of semiconductor diodes [161. Ali samples were held et -296 °K . 
In the static probe the sample was put into the coil 
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before inserting into the magnet. But in the spinning probes 
the sample was held in the coil by air driving generator. 
After each experiment one had to take the static and single 
bearing probes out of the magnet to change the sample. This 
task could be performed remotely in the DB probe by using an 
insert and eject tube connected with a pneumatic unit operated 
at 6 bars pressure. The other tubes connected with the 
pneumatic unit provided the bearing and drive pressure to spin 
the sample. Bruker-made cylindrical alumina and zirconia 
rotors of internal diameter 5.5 mm, external diameter 7 mm 
and length 17.7 mm were used in the DB probe. DB magic angle 
spinning systems were quite sensitive to sample imbalance, 
hygroscopicity of the samples, particle size, conductivity, 
packing fraction etc. and special precautions [13,15] were 
essential for DB probes sample preparation. The rotors spin 
at 5 kHz with 1.5 bars bearing and drive pressures. The 
single bearing probe is commonly known as a mushroom probe 
because of its mushroom shaped [17] spinners with and without 
flutes. The rotors with flutes spin easily at 5 kHz with 2 
bars air pressure whereas without flutes they spin at only 3 
kHz with that pressure. Apart from the Bruker probes home 
made probes with a simple tuning circuit as shown in Figure 
(3.4) and a Doty probe [18] were also used to run the 
experiments. Conical shaped spinners made of Deirin and 
fitted with glass tubes are used in the home made probe. The 
Doty probe was equipped with hollow cylindrical silicon 
nitride, zirconia and sapphire made rotors of inner diameter 
3.5 mm and outer diameter 5.0 mm and was designed for high 
speed rotation of the samples. A system for centering the 
rotors and two turbine caps helped the rotors to spin very 
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fast (- 10 kHz). Additional air filter was also provided with 
the probe. The sensitivity of the Bruker DB probe was about 
18 and 34 percent more than the mushroom and the home made 
probe respectively. A diagrammatical representation of the 
spinners used in DB, mushroom, home made and Doty probe is 
shown in Figure (3.5). 
3.4 OPERATION OF THE SPECTROMETER 
3.4.1 INTRODUCTION 
The Bruker MSL-360 spectrometer was controlled by a 
computer programme, DISMSL, which operated in conjunction with 
the ADAKOS disk monitor and a high density disk drive unit. 
The spectrometer could be run using the commands from the 
keyboard described in the Bruker manual (141. The 
characteristics of the spectrometer do not remain constant 
with time. Therefore certain parameters, e. g. receiver 
amplitude, receiver phase, transmitter amplitude etc. needed 
to be adjusted with time. The experimental gain was rather 
sample dependent and the receiver needed to be fixed before 
final data acquisition on the laboratory sample. For high 
resolution NMR the homogeneity of the field was achieved by 
shimming the magnet [19]. The shimming depends on the 
orientation of the probes in the magnet and probe heads. The 
magnet was shimmed for a particular orientation and the 
parameters were saved in a file. The file had to be recalled 
for every experiment to optimise the field homogeneity. 
In order to check the sensitivity, resolution, lineshape 
etc, test spectra were run following a change of the 
spectrometer conditions. The general procedure for 
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Figure 3.4 Block diagram showing the operation of a single coil probe. 
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observation of any nucleus were not straight forward and 
certain adjustments had to be made as explained in the 
following sections (3.4.2 - 3.4.6). 
3.4.2 MAGIC ANGLE SETTING 
In order to reduce the broadening from the isotropic 
lineshape caused by different interactions, e. g. chemical 
shift interaction, dipolar interaction, quadrupolar 
interaction etc., rotation of the sample at the magic angle 
was essential. This was achieved by setting the axis of 
rotation at the angle of 54044' 7" to the Zeeman field 
direction. This was first done by Andrew at al. [20-22] and 
following their work Lowe [23] also observed the narrowing of 
resonance lineshape due to mechanical rotation of the sample 
at the magic angle. For high resolution solid state NMR 
spectroscopy the closer to the correct 'magic angle' setting 
the better the resolution as shown in Figure (3.6). 
The 79Br nucleus [24] in a powdered KBr sample was used 
to set the magic angle for the high frequency range (60-146 
MHz). 79Br is a quadrupolar nucleus of spin 3/2, natural 
abundance 50.54%, Y =7.2468 x 107 rad T-ls-1 and in a 
relatively symmetric cubic environment provides a huge NMR 
signal with symmetric spinning sidebands if the spinning axis 
is at the magic angle [24]. For the lower frequency range, 
10-60 MHz, the 85Rb nucleus in RbCl can be used to set the 
magic angle [25]. 
The FID can be represented by the equation 
M= MO exp 
(-t/T2) 
COS 
(w 
- wo 
)t 
999 999 
(3.3) 
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where M= macroscopic magnetisation, 
MO = value of M at equilibrium, 
w= observed resonance frequency, 
wo = frequency of the rf carrier wave. 
At resonance w= w0 and Equ. 3.3. becomes 
M= MO exp 
(-t/T2) 
9.00.16 000 
(3.4) 
Equ. (3.4) represents a decaying exponential with maximum at MO 
and the plot of M versus t, which is a general shape of the 
FID on resonance, is shown in Figure (3.6. c). This condition 
was achieved by changing the offset frequency (spectrometer 
frequency + offset frequency = frequency of the carrier wave) 
and the shape of the FID was brought to a shape as shown in 
Figure (3.6. c) with the help of the facility provided as a 
part of the spectrometer. The mechanical adjustment of the 
magic angle setting was then turned slowly to 5404417". When 
the sample rotation axis was very close to the magic angle, 
the rotational echos, periodic with the rotor period were 
observed as spikes as shown in Figure (3.6. b). Minor 
adjustments were then made to the angular setting to get the 
maximum number of rotational echos which represent the 
appropriate setting of the magic angle. Three spectra, one at 
the magic angle, one close to the magic angle and the other 
one beyond the magic angle along with their FIDs are shown in 
Figure (3.6). 
3.4.3 SETTING UP ON A NUCLEUS 
Setting up on a nucleus basically consists of 
i) Hardware changeover for the required nucleus. 
ii) Placing the sample in the probe-head. 
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figure 3.6 Setting the magic angle using 798r resonance in KDr. (a) At the 
magic angle, (b) close to the magic angle and (c) on resonance FID beyond the magic angle. 
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iii) Spinning rate adjustment. 
iv) Shimming the magnet. 
v) Entering the desired pulse programme into the 
computer 
vi) Entering acquisition parameters. 
vii) Tuning the probe. 
viii) Adjustment of the receiver gain. 
Hardware changeover is essentially the selection of 
preamplifier box to set the carrier frequency. As the Bruker 
MSL-360 spectrometer is equipped with a superconducting 
magnet, the magnetic field BO is fixed, the carrier frequency 
was selected by choosing the pre-amplifier and transmitter 
power amplifiers frequency matching boxes provided with the 
spectrometer. The boxes are plugged in and retuned to 
appropriate frequency. The offset frequency was typed in on 
the keyboard to place spectra within the range of spectral 
width. The offset frequency shifts the zero of the spectrum 
by exactly the same amount, i. e. it moves the position of the 
reference signal (discussed in section 3.4.4) keeping the 
distance between the carrier frequency and the reference 
signal constant. The static field 
BO drifts -30 Hz per week 
for the 29Si and changes of offset were necessary with time. 
Entering the acquisition parameters consisted of fixing 
the pulse length, delay between pulses, spectral width (SW) 
etc. which vary from nucleus to nucleus. The Bl field used 
was 4.5mT and the n/2 pulse length different for different 
muclei, e. g. n/2 pulse length for 
29Si 
was 6.5 is and that 
for 31p was 4 µs. Therefore selection of pulse length is a 
key factor for the NMR experiments. The delay between pulses 
depends on the T1 relaxation time of the nuclei. The signal 
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will be saturated unless the delay is properly set. 
Approximately 4T1 between pulses gives unsaturated data 
98.2%) which is a means of quantitative NMR studies. The 
delay between pulses can be made shorter by choosing an 
appropriate flip angle, A, for the nuclei having long T1. 
Ernst et al. [26] and Dupree et al. [27] give a convenient 
basis for estimating 0 and delay between pulses to optimise 
signal-to-noise. The sampling time (DW) is automatically 
calculated as (DW)=1/2(SW). 
The receiver gain has to be set properly to prevent 
overloading which is dependent on the isotopic abundance of 
the nuclei and the number of nuclei present in the sample 
within the spinner. The instructions for other adjustments 
can be found elsewhere [28-30]. Having written a standard 
file, after setting all these parameters for a specific 
experiment, one could use that file to run real experiments by 
recalling that file provided that the probe, pre-amplifier and 
power amplifier are tuned properly. 
3.4.4 MEASUREMENT OF SPECTRUM REFERENCE 
The chemical shifts or the peak position of the spectra 
have been measured relative to standard materials for all the 
NMR accessible nuclei. Normally a solution state of a 
material was used for the measurement of spectrum reference 
(SR). The nucleus of interest of the material has to have a 
single environment to provide a single resonance line. In 
fact the SR is the distance in Hz between the centre of the 
spectral width and this resonance position. The BD field 
decays with time and as the resonance frequency depends upon 
the BO field, the measurement of an SR is necessary for both 
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the high resolution and broad line NMR experiments. 
In order to measure an SR, the resonance position 
obtained from the respective reference material was set to 
zero and the distance to the centre of the spectral width was 
found by using the algorithm provided with the spectrometer. 
A list of the materials chosen for the measurement of SR is 
given in Table No. 3.1. A detailed list can be made by 
searching Harris et al. [31] and Laszlo [32,33]. 
3.4.5 DATA COLLECTION 
Having set all the parameters and number of scans (NS) 
in the standard file one can run the experiment just by 
recalling the standard file. Data collection was fully 
automatic and started when the command ZG was typed in by the 
operator. The accumulation would stop when the NS was 
completed. If the value of NS was not set before starting the 
experiment, the experiment could continue until the buffer 
memory overflows. 
Normally a quadrature phase cycling pulse sequence 
(n/m)+x -t(acq) - (n/m)_y -t(acq) - (n/m)-x-t(acq) - (n/m)+y- 
was used for both the high resolution and static experiments, 
where m-6 for 
29Si and m=2 for other nuclei. For the 29Si the 
value of t was optimised to get the maximum signal-to-noise 
ratio [27]. But for quantitative measurements the t was 
increased until the signal area did not alter. The shape of 
the signal for (n/2)+X and (n/2)+y [4] is shown in Figure 
(3.7). 
An analogue to digital convertor performed the 
digitisation of the signal which was saved in the computer 
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TABLE No. 3.1 List of the reference materials used for the study 
of different nuclei. 
Name of the 
nuclei 
Name of the 
reference material 
Concentration of 
the reference material 
in aqueous solution 
-(molarity) 
Larmor frequency 
of the nuclei 
MHz 
1H Si(CH3)4 - 360.1 
7Li LiC1 0.1 139.91 
23Na NaCl 0.1 95.30 
27A1 A1(N03)3 0.1 93.83 
29Si Si(CH3)4 - 71.535 
31p H3P04 85* 145.78 
*(%ý 
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memory. The signal was also displayed on the CRT screen at 
the same time. Finally the accumulated FID was saved on the 
disc with proper file name and could be retrieved from the 
memory at any time for processing. 
3.4.6 DATA PROCESSING 
The achievement of high signal-to-noise (S/N) ratio is 
essential for accurate interpretation of NMR data. 
Particularly for minor phases and for absolute signal height 
measurements the S/N ratio plays an important role. Having 
the FID on the screen or in the memory of the computer, which 
is a digitised voltage, a means of increasing the S/N ratio is 
by multiplying the FID by a Lorentzian function exp(- at) or 
by a Gaussian function exp(- a2t2) or by the product of these 
two functions, where a is the line broadening in Hz. The 
latter can only be applicable to data with very high (S/N) 
ratio. For the case of Lorentzian function application of a Hz 
line broadening increases the linewidth 
decreases the signal height as 
I1 
1 2 
a 
1+ rrr 
vi to vz + On and 
000 
(3"5) 
where v/ = full width at half maximum, 
12 = signal height with a Hz line broadening and 
I1 = signal height without line broadening. 
The area under the spectrum remain constant but-an injudicious 
use of line broadening distorts the line shape. 
In this high resolution solid state NNR work the 
enhancement of S/N was achieved by multiplying the FID by 
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exp(- a t) and the frequency dependent spectrum was then 
obtained by Fourier transforming the FID which generally 
contained a mixture of absorption and dispersion mode signal. 
The two modes of signal arose because of improper setting of 
the detector phase which was not a trivial problem. The dead 
time, i. e. time before data collection, the time required for 
receiver recovery etc. causes distortion of phase in the 
spectrum. The effective phase shift becomes larger as the 
frequency offset becomes larger. Truncation of the FID at the 
beginning causes distortion of the lineshape because Fourier 
transformation of the time shifted FID is multiplied by a 
phase factor which varies linearly with frequency and is 
proportional to the time shift[291. Therefore the limit of 
truncation and the value of a were chosen very carefully, even 
to be zero, wherever necessary. The Fourier transformed 
spectrum was then phased by using the algorithm provided with 
the spectrometer which add the signals from the two phase 
sensitive detectors to produce an absorption mode signal. 
3.5 MEASUREMENT OF T1 RELAXATION TIME 
The spin-lattice relaxation time T1 is characteristic 
of the rate of transfer of energy from the nuclear spin system 
to its surroundings following a perturbation. Therefore, it 
can be measured by recovering the magnetization along the 
static field direction by applying a sampling pulse at a time 
t after a pulse or a group of pulses which perturbs the 
magnetisation from its equilibrium state. From the several 
methods [29] for the measurement of relaxation time, a 
saturating comb was selected for T1 measurement because in the 
glasses T1 » T2 (T2 is the spin-spin relaxation time). In 
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this method a series of n /2 pulses [34] is applied to 
saturate the spin system, i. e. the total magnetization Mz=O at 
t=0 and then the n/2 sampling pulse is applied at t=t to 
sample the recovered magnetization. 
The recovery of the magnetization Mz is given by [35] 
dMZ MD - MZ ... ... ... (3.6) 
dt Ti 
where MO is the thermal equilibrium magnetization. 
Integration of equ. (3.6) with Mz= 0 at t=0 yields 
MZ = Mo [1 - exp (- t/T1)1 ... ... (3.7) 
t 
In (Mo-Mt) = 1nM0 - T1 000 ... (3.8) 
Therefore, for sufficiently long times after saturation, the 
nuclear spin system has approached a single spin temperature 
and the relaxation can be described by a simple exponential 
recovery [361 of the form shown in equ. (3.7). The plot of In 
(MO-Ma) versus t will provide a relaxation pattern of the 
investigated nuclei. 
A series of eight pulses, each of 6.5 is ( n/2), with 2 
ms delay between pulses was employed at t=0 to saturate the 
29Si spin system. The separation 2.5ms was chosen to decay the 
signal completely after each pulse, i. e. the length of the FID 
is roughly equal to 2 ms. The sampling pulse of 6.5 µs ( n/2) 
was then applied at t=t to observe the FID. The magnitude of 
the signal was proportional to the Z component of the 
partially recovered spin magnetization Mz(t) existing at time 
t. A pulse sequence used to measure T1, successive saturation 
of signal after every pulse, observation of the FID after the 
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sampling pulse and the spectra showing recovered magnetization 
for different values of t are shown in Figure No. (3.8). 
Typically fifteen experiments with different number of 
scans (NS) were carried out for diffent values of t. The NS 
was selected to give a reasonable S/N ratio, approximately 
10: 1. The values of Mz were then obtained as signal height by 
Fourier transforming the FID. A set of spectrum collected to 
measure T1 in Li20.2SiO2.0.1MnO is shown in Figure (3.8). In 
order to measure M0, the value of t was varied until the 
signal height did not alter. According to equ. (3.7), t=5T1 
allows almost complete recovery (99.3%) of the magnetization. 
But when T1 > 1500 s, this is rather time consuming and the 
corrected values of (MO-Mz) were obtained as 
(MO-Mz)corrected (MO-Mz)t=t (MO-Mz)t= 
m ... 
(3.9) 
The corrected values were obtained for t-3T1. However two 
experiments on the samples having T1 >, 1500 s were also 
carried out with t=5T1 and within the experimental error 
(±11%), there was no difference in T1 values. In the case of 
24.6Li2O. 75.3SiO2.0.1MnO (LS1) two distinct resonance 
positions were observed. Partial overlap of the resonances 
may affect the signal height and to examine this effect the 
area under each was measured by fitting to a Gaussian. The 
value of T1 obtained from the plot of these In (MO-Mm) versus 
t was the same as that obtained from the normal signal height 
measurement. 
The longest Tl recorded in this work was 2300s and an 
experimental time required to perform this experiment was 72 
hours. Despite many lengthy runs and a poor S/N ratio, it was 
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estimated from the reproducibility of the results that the T1 
values presented here are correct within an accuracy of 
measurements of + 11%. 
3.6 MATERIALS PREPARATION AND CHARACTERISATION 
3.6.1 INTRODUCTION 
Since we are interested in investigating the structural 
properties of alkali silicate glasses, simple binary alkali 
silicates and alkali phosphosilicates were prepared and 
characterised. According to the National Research Council 
[371 "characterisation describes those features of the 
composition and structure (including defects) of a material 
that are significant for a particular preparation, study of 
properties, or use and suffice for the reproduction of the 
material". Therefore quantitative characterisation is the 
foundation of structural analysis and several methods were 
employed to characterise the materials. A brief description 
of the methods used for the characterisation of materials can 
be obtained from Hench and Gould [38]. 
3.6.2 CHOICE OF INITIAL MATERIALS 
In order to make alkali silicates and alkali 
phosphosilicates commercially available S102, R2C03, R3P04 and 
(NH4)2HP04 were chosen as starting materials for the glasses, 
where R stands for Li, Na and K respectively. The metal 
carbonate and phosphates decompose at different temperatures 
[39] as 
R2C03 =- R20 + CO2 
2 R3P04 3R20 + P205 ... (3.10) 
2 (NH4)2HP04 4NR3 + 3,120 + P205 
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and provide required amounts of alkali oxide, phosphorus etc. 
in the composition. High phosphorus glasses (> 10 mol x P205) 
were made using (NH4)2HP04 instead of R3P04 because of 
additional R provided by R3P04. 
3.6.3 PREPARATION OF GLASSES 
The nominal composition, melting temperature, time and 
the optical quality of the glasses included in this study are 
given in Table 3.2. Powdered raw materials (usually 100g 
batch) of appropriate amounts were homogenised by rolling for 
12 hours prior to melting in electric furnace. The melting 
temperatures for the glasses LS1-LS5, NS1-NS6 and KS1 were 
estimated from the temperature composition phase diagram [40- 
43]. The phase diagrams for Na20 : S102 = 1: 2 with different 
amounts of P205 are not available in the literature and the 
melting temperature was found by trial and error. For sodium 
disilicate with 10.0 .< P205 .< 30.0 mol%, glass making is 
difficult because of high liquidus temperatures but becomes 
easier beyond 30.0 moll P205. The samples of this 
compositional region crystallise more readily than the low 
(<10.0 mol%) and high (>40.0 mol%) phosphorus containing 
samples. 
In order to facilitate the MAS NMR experiments, 
paramagnetic impurity (MnC03) was added to most of the 
batches, as given in Table (3.2), to reduce the 29Si 
relaxation time, since this is typically 10-60 minutes in an 
undoped sample. The samples LSP4(b) and NSP11(d) were made 
without MnCO3 and the control experiments on these samples 
showed that there was no difference in relative peak 
intensities due to small additions of MnC03 (up to 0.1 mol %)" 
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TABLE NO. 3.2 SAMPLE COMPOSITION, PREPARATION AND STATE OF THE GLASSES AND 
CRYSTALLINE MATERIAL STUDIED 
Name of the Nominal compsition (mol x) Melting Optical quality XRD of 
glasses temp. (°C)/ I the glasses R20 5i02 P205 1 MnO it (h) I (NHT) 
5J 
LS1 25.0 75.0 - 0.1 1400/3 clear !. r. orpnous 
L52 30.00 70.0 - 0.1 1400/3 clear moronous 
ü3 33.33 66.67 0.1 - 1350/3 clear morcnous 
L54 37.5 62.5 - 0.1 1250/3 clear . moronous 
LSS 40.0 60.0 - 0.1 1250/3 clear asoronous 
LSP1 33.0 66.0 1.0 0.1 1350/3 clear amoronous 
LSP2 32.5 65.5 2.0 0.1 1350/3 clear : moronous 
LSP3 32.5 65.5 2.0 0.1 1350/3 milky amorphous 
LSP4(a) 32.0 63.0 5.0 0.1 1350/3 milky : rystallire 
Li3PO4) 
LSP4(b) 32.0 63.0 5.0 - 1350/3 milky crystalline (Li3P0. ) 
LSP5 16.67 33.33 50.0 0.05 200/1.5; 1100/2.5 clear amorphous 
NSI 33.33 66.67 1250/3 clear amorphous 
NS2 33.33 66.67 - 0.05 1250/3 clear amorphous 
NS3 33.33 66.67 0.1 1250/3 clear amorphous 
NS4 33.25 66.55 - 0.2 1250/3 clear amorphous 
NS5 33.2 66.4 - 0.4 1250/3 clear amorphous 
NS6 33.05 66.15 - 0.8 1250/3 clear amorphous 
NS7 28.6 71.4 - 0.1 1300/3 clear 
amorphous 
NS8 25.0 75.0 - 0.1 1350/3 clear 
amorphous 
N59 20.0 80.0 - 0.1 1400/3 amorphous clear 
NSP1 
NSP2 
NSP3 
NSP4 
NSP5 
NSP6 
33.0 
32.5 
32.0 
30.83 
30.0 
28.3 
66.0 
63.5 
63.0 
61.67 
60.0 
56.67 
NSP7 26.67 53.33 
NSP8 25.0 50.0 
NSP9 23.33 46.67 
NSP10 
NSP11(a) 
NSP1I(b) 
NSPII(C) 
NSPII(d) 
NSP12(a) 
NSP12(b) 
KS1 
KSP 1 
KSP2 
KSP3 
20.0 
16.67 
16.67 
16.67 
16.67 
13.33 
13.33 
33.33 
33.0 
32.5 
32.0 
40.0 
33.33 
33.33 
33.33 
33.33 
26.67 
26.67 
66.67 
66.0 
65.5 
63.0 
L. 0 
2.0 
5.0 
7.5 
10.0 
15.0 
20.0 
25.0 
30.0 
40.0 
50.0 
50.0 
50.0 
50.0 
60.0 
60.0 
1.0 
2.0 
5.0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
1250/3 
1250/3 
1250/3 
1300/3 
1500/3 
200/1.5; 1580/4 
0.1 200/1.5; 1575/4 
0.05 200/1.5; 1575/4 
0.05 200/1.5; 1574/4 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.1 
0.1 
0.1 
0.1 
200/1.5; 1100/2.5 
200/1.5; 1100/2.5 
200/1.5; 1050/2.5 
200/1.5; 1200/2.5 
200/1.5; 1100/2.5 
200/1.5; 1100/2.5 
200/1.5; 1100/2.5 
1200/3 
1200/3 
1200/3 
1200/3 
clear 
clear 
clear 
clear 
slightly milky 
slightly 
nucleated + clear 
slightly 
nucleated + clear 
slightly 
nucleated + clear 
slightly 
nucleated + clear 
clear, bubbles 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
clear portion 
amorphous 
clear portion 
amorphous 
clear portion 
amorphous 
clear portion 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
*R= Li, Na and K for L. N and K respectively. 
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TABLE NO. 3.2 SAMPLE COMPOSITION. PREPARATION AND STATE OF THE GLASSES AND 
CRYSTALLINE MATERIAL STUDIED 
Name of the 
lasses 
Nominal compsition (mol x) 
g 
R20 5i02 P205 MnO 
LS1 25.0 75.0 - 0.1 
LS2 30.00 70.0 - 0.1 
LS3 33.33 66.67 - 0.1 
LS4 37.5 62.5 - 0.1 
LS5 40.0 60.0 - 0.1 
LSP1 33.0 66.0 1.0 0.1 
LSP2 32.5 65.5 2.0 0.1 
LSP3 32.5 65.5 2.0 0.1 
LSP4(a) 32.0 63.0 5.0 0.1 
LSP4(b) 32.0 63.0 5.0 - 
LSP5 16.67 33.33 50.0 0.05 
NS1 33.33 66.67 - 
NS2 33.33 66.67 - 0.05 
NS3 33.33 66.67 - 0.1 
NS4 33.25 66.55 - 0.2 
NS5 33.2 66.4 - 0.4 
NS6 33.05 66.15 - 0.8 
NS7 28.6 71.4 - 0.1 
NS8 25.0 75.0 - 0.1 
NS9 20.0 80.0 - 0.1 
NSP1 33.0 66.0 1.0 0.1 
NSP2 32.5 63.5 2.0 0.1 
NSP3 32.0 63.0 5.0 0.1 
NSP4 30.83 61.67 7.5 0.1 
NSP5 30.0 60.0 10.0 0.1 
NSP6 28.3 56.67 15.0 0.1 
NSP7 26.67 53.33 20.0 0.1 
NSP8 25.0 50.0 25.0 0.05 
NSP9 23.33 46.67 30.0 0.05 
NSPIO 20.0 40.0 40.0 0.05 
NSP11(a) 16.67 33.33 50.0 0.05 
NSP1I(b) 16.67 33.33 50.0 0.05 
NSP1I(c) 16.67 33.33 50.0 0.05 
NSP1I(d) 16.67 33.33 50.0 - 
NSP12(a) 13.33 26.67 60.0 0.05 
NSP12(b) 13.33 26.67 60.0 0.05 
KSI 33.33 66.67 - 0.1 
KSPI 33.0 66.0 1.0 0.1 
KSP2 32.5 65.5 2.0 0.1 
KSP3 32.0 63.0 5.0 0.1 
Melting Optical quality XRO of temp. (°C)/ the glasses t (h) (NHT) 
1400/3 
1400/3 
1350/3 
1250/3 
1250/3 
1350/3 
1350/3 
1350/3 
1350/3 
1350/3 
200/1.5; 1100/2.5 
1250/3 
1250/3 
1250/3 
1250/3 
1250/3 
1250/3 
1300/3 
1350/3 
1400/3 
1250/3 
1250/3 
1250/3 
1300/3 
1500/3 
200/1.5; 1580/4 
200/1.5; 1575/4 
200/1.5; 1575/4 
200/1.5; 1574/4 
200/1.5; 1100/2.5 
200/1.5; 1100/2.5 
200/1.5; 1050/2.5 
200/1.5; 1200/2.5 
200/1.5; 1100/2.5 
200/1.5; 1100/2.5 
200/1.5; 1100/2.5 
1200/3 
1200/3 
1200/3 
1200/3 
*R= Li, Na and K for L, N and K respectively. 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
milky 
milky 
milky 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
slightly milky 
Slightly 
nucleated + clear 
slightly 
nucleated + clear 
slightly 
nucleated + clear 
slightly 
nucleated + clear 
clear, bubbles 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
crystalline 
(Li3PO4) 
crystalline 
(Li3P04) 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
clear portion 
amorphous 
clear portion 
amorphous 
clear portion 
amorphous 
clear portion 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
amorphous 
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All the binary silicates and low phosphörus (. < 10.0 mol 
%) containing samples were melted in Pt crucibles but the high 
phosphorus (>, 15.0 mol%) containing samples were melted in 
alumina crucibles, since higher concentrations of P205 attack 
Pt. A significant level of contamination, contrary to Nelson 
and Tallant [441, was obtained from the alumina crucibles. 
Glasses were kept in vacuum desiccators to prevent reaction 
with atmospheric moisture. 
3.6.4 THERMAL ANALYSIS 
A measure of the change of any property of a material 
when heated or cooled at a constant rate can be obtained from 
thermal analysis. This in turn can provide information about 
the reaction occuring and may be used to characterise or 
identify a material of interest under dynamic temperature 
conditions. Using the thermal analysis method not all the 
properties can be measured and factors such as pressure, 
sample preparation etc. which may affect the reaction 
characteristics must be controlled. 
When a material is heated or cooled at a constant rate 
it may transform from one phase to another by releasing or 
absorbing energy. This exothermic or endothermic behaviour 
in the material can be identified by measuring the change of 
its temperature or differences in heat flux relative to a 
reference material. Differential Thermal Analysis (DTA) and 
Differential Scanning Calorimetry (DSC) are based upon these 
effects and were used to estimate the 'glass transition 
temperature', Tg, '-crystallisation temperature', Tx, 'liquidus 
temperature', T1s, 'fictive temperature', Tf and 'relative 
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specific heat at constant pressure', Cp, from the endothermic 
and exothermic dips on the trace. 
3.6.4.1 DIFFERENTIAL THERMAL ANALYSIS (DTA) 
The principl3 of DTA is the measurement of the 
differential temperature between two samples, one of which is 
an inert reference and the other is the material of interest, 
when heated at some given rate. A typical DTA trace showing 
endo- and exothermic phenomena is shown in Figure (3.9). The 
differential temperature is measured using two thermocouple 
junctions, each in contact with sample or reference crucible 
and connected in opposition. Detailed theoretical and 
practical aspects of DTA can be found elsewhere [45-47]. 
The most important factors to be considered when 
carrying out a DTA experiment are 
1. sample weight, 
2. particle size, 
3. heating rate, 
4. atmospheric condition surrounding the sample, 
5. conditions of packing. 
As DTA is a comparative method, the above factors were 
maintained as identical as possible to attain symmetrical 
conditions. All the DTA experiments, to estimate the Tg, TX, 
Tls or softening point (where sharp peak for Tls was not 
observed), were carried out using a Stanton Redcroft 1500 DTA 
instrument. The heating rate for the experiments was 6°C/min 
and the reference material used was S102 under normal 
atmosphere and pressure. 
3.6.4.2 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
DSC is also a comparative technique like DTA. The major 
application of DSC are to measure thermodyamic parameters [48- 
52], e. g. fictive temperature, specific heat, structural 
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transitions, phase diagram etc. and kinetic parameters [53], 
e. g. kinetics of phase transition, recrystallisation etc. DSC 
measures the thermal power flowing between the sample and the 
thermostated enclosure. The measurement of the heat transfer 
is made by means of a thermoelectric pile. Therefore the heat 
absorbed or evolved during the course of heating or cooling 
can be measured directly either as a function of time or 
temperature with respect to a reference material. 
In the present work the dependence of the limiting 
fictive temperature on cooling rate of NSP12(b) was estimated 
according to the method proposed by Moynihan et al. [48] with 
the help of a Setaram HT1000 calorimeter. The heating and 
cooling rates, sensitivity and all other experimental 
conditions, e. g. sample weight ( 1.805 + 0.003 g), crucibles 
etc. were the same throughout the experiments. 
According to Moynihan [48], the fictive temperature, Tf, 
i. e. the temperature at which the structure of glass would be 
the equilibrium and which is a function of the cooling rate 
[55-57] at temperature T' may be calculated from 
H(TL) = He(Tf) - 
Tf 
(SH/ ST)g dT ... 
(3.11) 
where H is the enthalpy and the subscript e, g refer to the 
equilibrium and glass respectively. Differentiation followed 
by integration of equ. (3.11) would give us 
[1dH 
_ 
bH 
_ 
SH SH 
TT 
6 TJ rb T) 6T 
JT 
gTegf 
T' T f 
(Cp - Cpg) dT = 
T 
(Cpe Cpg)dTf ... (3.12) 
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Here T* is any temperature above the transition region at 
which the specific heat Cp is equal to the equilibrium liquid 
value, Cpe, and T' is a temperature well below the transition 
region. Therefore according to equ. (3.12) the value of Tf can 
be calculated from the boundary of the difference of two 
integrals as shown in Figure (3.10). 
3.6.5 X-RAY DIFFRACTION STUDIES 
The amorphicity of the glasses studied in this thesis 
were checked using a Philips Powder Diffractometer and are 
presented in Table (3.2). The phases in the devitrified 
materials were also identified using this technique by 
comparing the experimental interplanar spacing and the 
intensity of the diffraction pattern with the standard JCPDS 
powder diffraction files. Powder samples mounted on thin 
pyrex glass slides using silicone grease were examined in the 
experiments using Cu K. (X =1.54178 A) radiation. This is 
an established technique and described already by Klug and 
Alexander [58]. 
3.6.6 MICROSTRUCTURE STUDY OF GLASS CERAMICS 
3.6.6.1 ELECTRON MICROSCOPY 
Electron microscopy could be a useful tool for 
microstructural analysis in glass-ceramics [59-65]. The 
technique provides a direct image from which glass-in-glass 
phase separation, morphology, of crystallisation, composition 
etc. can be predicted. Unfortunately in glasses, except for 
homogeneity and composition, little structural information can 
be obtained. Microscopy is suitable for long range order 
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the fictive temperature, Tf. 
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analysis and the principles and applications of the technique 
are explained in the texts by Bowen and Hall [661 and McMillan 
[67]. The detailed experimental technique can also be found 
in microscopy hand books [68]. 
In the present work Transmission Electron Microscope 
(TEM) was used to examine the phase separation in LS1, LS2, 
LSP4(a), NSP5 and in NSP11(a). Scanning Electron Microscope 
(SEM) was used to analyse the compositions via EDX. 
3.6.6.1.1. SAMPLE PREPARATION FOR SEM 
In order to analyse composition bulk specimen (10x10x1 
mm3) of sodium phosphosilicate glasses (NSP1- NSP3, NSP11(a)) 
were mounted in conducting bakelite and were polished using 
polishing disks, silicon carbide papers (220 - 1200 grit) and 
polishing pads (1-6 µm) to 1 µm. The specimens were washed 
with cotton soaked with 1-1-1 trichloroethane (genklene). 
As the alkali phosphosilicate glasses are water sensitive 
[39], an oil based lubricant was employed during polishing. 
All the specimens were coated with carbon of estimated 
C 
thickness 10-50 A to prevent charging in the electron beam. A 
Cambridge electron microscope was used for imaging and 
analysis. The typical operating conditions were at 20 KV with 
C 
beam current around 100 A. 
3.6.6.1.2 SAMPLE PREPARATION FOR TEM 
The samples were prepared using two techniques : 
i) Chemical Thinning 
ii) Ion beam Thinning 
as described below: 
i) CHEMICAL THINNING : Specimens of LS1 ( as cast and heat 
treated), LS2 and NSP11(a) were prepared from bulk material. 
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Thin slices (- 1500 µm) of the samples were cut by using a 
diamond impregnated wheel. The slices were mounted on a thick 
glass slides (0.6 cm) using resin and thinned to - 120 pm by 
polishing as described in section 3.6.6.1.1. The thin 
specimens were removed from the glass and washed in an 
ultrasonic bath with genklene. Finally the specimens were 
prepared by chemical thinning described by James et al. [60]. 
ii) ION BEAM THINNING : The specimens of LS1, LS2, LSP4(a), 
NSP5 and NSP11(a) were prepared using ion beam thinning. A 
portion of the thin (- 120 pm) slice of the samples were 
abraded with a stream of 0.5 pm alumina particles (carried by 
compressed N2 gas) to thin to-80 pm and 3 mm. diameter discs 
were then drilled out from the centre using an ultrasonic 
drill. Silicon carbide powder was used during drilling the 
specimen. The discs were washed as before and mounted on 
brass rings of outer diameter 3mm and inner diameter 2.4 mm 
using glue (araldite). The discs were then thinned in an 
Edwards Argon ion beam thinning machine. The discs were 
mounted at an angle about 300 away from the direction of the 
incident beam and the accelerating potential was 5 W. 
All the specimens were coated with carbon as before. A 
JEM transmission electron microscope operating at 100 kV was 
used. 
3.7 CHEMICAL ANALYSIS 
The nominal compositions of the materials do not remain 
constant during melting of the glasses. Therefore knowledge 
of the final composition of the glasses is an essential part 
of the structural analysis. 
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Most of the glasses studied in this thesis were analysed 
chemically using wet chemical analysis and atomic absorption 
spectrophotometry. The analysis of some of the components, as 
indicated in Table (3.3), were carried out using these 
chemical techniques and EDX as well as MAS NMR to compare the 
results. A good agreement was obtained between the different 
techniques. 
3.7.1 WET CHEMICAL ANALYSIS 
The samples LS1-LS4, NS1-NS4, KS1 and KSP1-KSP3 were 
analysed using the British standard method [69] recommended 
for the chemical analysis of glasses. In LS1-LS4, NS1-NS4 
glasses only the amounts of silica were determined and the 
amounts of alkalis were obtained by difference by assuming 
that the amounts of MnO remained unchanged during melting. In 
addition the concentration of MnO in NS1-NS4 were also 
analysed using ultraviolet-visible spectrophotometry 
(discussed in section 3.7.3) and the level of MnO did remain 
constant within the experimental error. In the KS1, KSP1-KSP3 
glasses, the concentrations of silicon were determined using 
this method and the amounts of P205 were determined using NMR. 
The amounts of K20 were obtained by subtraction. 
Commercially available reagents suggested by the British 
standard [69], British standard glass wares, e. g. sintered 
glass crucibles of porosity Grade No. 4 [70] and platinum 
crucibles were used to analyse the glasses. A list of the 
nominal compositions and the final compositions of the 
aforesaid glasses are given in Table (3.2) and (3.3) 
respectively. 
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3.7.2 ATOMIC ABSORPTION SPECTROPHOTOMETRY (AAS) 
The chemical analyses of the samples NS1-NS4, and NSP1- 
NSP12 were carried out using a Varian Techtrons Model AA-6 
atomic absorption spectrophotometer and Hilger analytical 
hollow cathode lamps. The concentrations of Na20, Si02 and 
A1203, in NSP6-NSP12 were determined and the amounts of P205 
were obtained by difference. The standard solutions for Na 
and Al were prepared using NaCl and aluminium foil 
respectively and that for Si was obtained from BDH chemicals 
Ltd. In order to prevent the effects of interference, 
appropriate reagents were added to the standard solutions as 
described in the Varian techtrons manual [71]. The working 
conditions were also set according to the given instructions 
[71]. 
The calibration curves were made by plotting the 
absorption intensity versus the concentrations of the 
elements. The solutions of the samples were prepared [71] and 
the levels of each element were then determined from the 
respective calibration graph. The final compositions of the 
samples are given in Table (3.3). 
Wet chemical analysis and EDX as well as MAS NMR 
experiments were carried out on some samples, as mentioned in 
Table (3.3), to confirm the AAS results. Good consistency was 
obtained within the experimental error (+ 2%). 
3.7.3 UV SPECTROSCOPY 
A Varian DMS-90 UV visible spectrophotometer was used to 
analyse the concentration of MnO in LS1-LS4 and NS3-NS6 
glasses. The spectrophotometer was calibrated using Mn metal 
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TABLE NO. 3.3 CHEMICALLY ANALYSED COMPOSITIONS OF THE GLASSES, 
thmeof 
sam les 
FI NAL COMPOSITIONS (moI%) 
+2% 
p 
R20 Si02 P205 A1203 Mno 
LS1 24.6 75.3 - - 0.1 
LS2 29.2 70.7 - - 0.1 
LS3 32.9 67.0 - - 0.1 
LS4 36.6 63.3 - - 0.1 
LS5 39.3 60.7 - - 0.1 
LSP1+ 32.1 66.87 0.93 - 0.1 
LSP2+ 31.9 66.12 1.88 - 0.1 
LSP4(a)+ 31.5 64.1 4.30 - 0.1 
NSI* 32.69 67.3 - - - 
NS2# 32.6 67.3 - - 0.05 
NS3* 32.6 67.3 - - 0.1 
NS4* 32.1 67.7 - - 0.19 
NS5 31.9 67.7 - - 0.4 
NS6 32.2 67.1 - - 0.81 
NSP1++ 32.05 67.04 0.91 - 0.1 
NSP2++ 32.03 66.12 1.84 - 0.1 
NSP3++ 31.57 64.45 3.98 - 0.1 
NSP4 30.12 61.96 6.12 - 0.1 
NSP5 29.12 62.95 7.92 - 0.1 
NSP6 27.03 59.33 11.04 2.60 0.1 
NSP7 25.69 55.02 16.07 3.12 0.1 
NSP8 24.4 52.81 19.69 3.10 0.1 
NSP9 22.83 48.90 25.02 3.20 0.05 
NSPIO 19.61 41.30 38.12 0.95 0.05 
NSP11(a)++ 15.96 36.01 46.79 1.24 0.05 
NSP12 13.01 28.32 57.26 1.46 0.05 
K51 32.7 67.2 - - 0.1 
KSP1 32.0 67.0 0.90 - 0.1 
KSP2 32.1 66.0 1.79 - 0.1 
KSP3 31.6 64.29 4.01 - 0.1 
+ amounts of P were estimated by MAS NMR and Si by wet chemical. 
* verified by using wet chemical analysis and AAS. 
++ checked by using mX , MAS NMR and AAS. 
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solution of different concentrations covering the range of 
interest. Two sets of solutions, with and without manganese 
were made using the procedure described in Methods of analysis 
[72]. The difference in optical densities between the Mn-free 
solution and the Mn-containing solution plotted against the 
concentration of Mn in the Mn-containing solutions were used 
to make the calibration curve. The emission intensities were 
recorded at 545 nm using a 10 mm cell and the scanning speed 
was 10 nm/min. 
The solution of the samples of interest were made using 
the procedure described in the Methods of analysis [72] and 
the corresponding optical densities were measured using water 
as the reference solution. The concentrations of MnO in the 
samples were then determined from the calibration graph and 
are presented in Table (3.2). The British standard glass 
wares and platinum crucibles were used to carry out this 
analysis. 
3.8 INFRARED SPECTROPHOTOMETRY 
Infrared spectroscopy is the study of the vibration of 
inter-atomic bonds in molecules of a material when 
electromagnetic radiation in the infrared region falls on a 
sample. The natural vibrational frequencies of bonds in the 
molecules are different due to different environment and a 
range of vibrational modes are observed when infrared light of 
wavelength 2-1000 pm impinges on the material. The 
vibrational energies contain structural information. The 
vibrational modes in glasses are generally broad relative to 
their crystalline form and quantitive information is rather 
difficult. The transition energies are generally expressed in 
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terms of wave number (cm-1). Therefore the vibrational 
frequencies range from 5000 to 10 cm-1. Theoretical and 
practical aspects of this technique can be obtained elsewhere 
[73-75]. 
Transparent pellets of thickness 0.001 cm were made 
using powder samples intimately mixed with alkali halides 
(KBr, CsI). A Perkin Elmer PE 983 infrared spectrophotometer 
was used to carry out the experiments. 
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CHAPTER 4 
LITHIUM SILICATE SYSTEM 
4.1 INTRODUCTION 
Lithium silicate is the basis of many glass ceramics 
used in industry [1]. Numerous studies [2-13] have already 
beem made on this system using XRD, high resolution electron 
microscopy, infrared and Raman spectroscopy etc. MAS NMR is a 
relatively new technique for the investigation of local order 
of nuclei in glasses and a few studies [14-18] have also been 
carried out on the system. However the studies carried out by 
Schramm et al. [14], Selvaray et al. [15] and Grimmer et al. 
[16] are not in agreement with each other. The results of 
Schramm et al. and Selvaray et al. have been criticised by 
Gladden et al. [19]. 
X-ray crystallographic studies of [3-6] crystalline 
lithium silicates confirm the presence of different Qm (04m44) 
species. However, due to lack of symmetry and overlapped 
resonances in glasses, determination of structure is rather 
complicated. The species Qm in lithium silicate glasses 
resonate at different frequencies. The observed chemical 
shifts for the local environment of the Qm species in lithium 
silicate crystals are -64 PPM(QO), -67 PPM(Q1), -75 PPM(Q2)9 
and -93 PPM(Q3) [14]. The shifts in glasses are not very 
different from the crystalline species and a comparison would 
allow identification of the species. 
The Li20-SiO2 system has a wide glass forming region [1] 
and the glasses LS1-LS5 and LSG1-LSG3, prepared by 
conventional method and by sol-gel respectively, are chosen 
for this study. The nuclei 
29Si 
and 
7Li in both the glass and 
crystalline compounds are investigated using NMR as well as 
proton NMR in the glasses LSG1-LSG3.160 has zero spin and 
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consequently it has no magnetic moment. Isotopic enrichment 
of 
170 is possible but has not been used in this work. In 
addition to NMR, DTA, XRD and electron microscopy are also 
employed to understand the system. A relatively clear picture 
about the local order of the network former and its next 
nearest neighbour is presented in this chapter. 
4.2 CONVENTIONALLY PREPARED LITHIUM SILICATE GLASSES 
4.2.1 29Si NMR 
The 29Si MAS NMR spectra of lithium silicate glasses 
(LS1-LS5) and their analysed compositions (mol%) are shown in 
Figure (4.1. a). The static spectra of the respective glasses 
are shown in Figure (4. l. b). The gradual formation of Q3 from 
Q4 upto 33.3 mol% Li20 and then Q2 from Q3 for higher 
concentration of Li20 is evident from the spinning spectra. 
Such a change is also observed by Dupree et al. [20-22] in 
other alkali silicate glasses. The spinning side bands (SS) 
corresponding to Q2 and Q3 species have been observed. This 
is due to the fact that the spinning of the sample at the 
magic angle removes the anisotropic part of the central 
lineshape and produces those SS as additional peaks (see 
section 2.4.3). There is no SS observed corresponding to Q4 
resonance because anisotropy associated with Q4 is small, as 
described by Dupree et al. [21]. The variation of electron 
density around the silicon nuclei due to incorporation of Li+ 
ions into the structure causes a change of the resonance 
position and can be identified from the chemical shift scale. 
The 29Si NMR spectral parameters are summarised in table 
(4.1). From the table it is clear that the chemical shift 
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Figure 4.1 29Si spectra of lithium silicate glasses as 
prepared: (a) spinning and (b) static. The 
actual compositions are given in the figure. 
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changes for both the Q3 and Q4 species with the concentration 
of Li20. Thus the resonances of the species cover a wide 
range as shown in Figure (4.2). A plot of chemical shift 
versus concentration of Li20 is shown in Figure (4.3. ). 
However, the resonance positions are not well-resolved for 
relatively small amounts of Q4 species in the spinning 
spectra. Chemical shift dispersion due to structural disorder 
in glasses often causes a peak of low intensity to merge with 
one of high intensity. This creates a problem for the 
identification or quantification of the species. 
The 29Si static NMR spectra (Figure 4.1. b) resolves the 
problem to some extent. The static spectra of the glasses 
clearly indicate the presence of Q4 units in these glasses 
which are more than the minimum required by stoichiometry; 
consistent with Stebbins [23] investigation in sodium silicate 
glasses. The amounts of Q4 species in these glasses are more 
than that in sodium silicates because the free energy of 
mixing is comparatively lower in Li20-Si02 system [24]. 
Stoichiometrically the samples with less than 33.3 mol% 
Li20 need contain only Q4 and Q3 species as is described by 
Grimmer et al. [16] and Dupree et al. [21] and these are 
evident from both the static and spinning spectra (Figure 
4.1). There is no anisotropy associated with the Q4 resonance 
but Q3 is near axially symmetric. The signal due to Q4 
appears on the top of Q3's anisotropy broadened lineshape. 
This provides a means of detecting low amounts of S104 
tetrahedra in the material. The presence of Q2 species is not 
obvious in these materials. 
In order to clarify the presence of the species, the Q3 
and Q2 patterns in LS3 glass were simulated using different 
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Figure 4.2 Chemical shift(s) ranges for 29Si in lithium 
silicate (a) glass and (b) crystalline Qm 
species. The data for Q0and Q1are taken from 
ref. 14. 
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anisotropic range, Aa, and asymmetry parameter, q. As the 
anisotropic range in alkali silicate glass and crystal does 
not vary too much [23], the Aa value for Q2 was initially 
estimated from the spinning sidebands of crystalline Q2 using 
the method described by Herzfeld and Berger [25]. A Gaussian 
was fitted to Q4 resonance and the lineshapes were normalised 
by assuming the area of (total Q4 - Q4 obtained by 
stoichiometry) = Q2. All the lineshapes were fitted to 
experimental LS3 glass powder pattern and are shown in Figure 
(4.4) for optimum fit. Unlike LS3, a good fit to the 
experimental envelope of LS1 and LS2 can be obtained using the 
Q3 and Q4 powder lineshapes. The chemical shift tensors for 
the Q3 species were found to be axx = -41+3, a yy = -70+3, 
a zz =-160+12 
PPM and those for Q2 species were a xx =- 26+8, 
a yy = -63+6 and a zZ = -133+10 PPM. The 
IAaI and 11 
values for the Q3 are 105 ± 12 PPM and 0.4 + 0.1 respectively 
and those for the Q2 are 89 ± 11 and 0.6 + 0.2 respectively. 
The presence of the species for LS4 and LS5 can also be 
revealed by fitting normalised simulated Q2, Q3 and Q4 
lineshapes. The expanded spinning spectra of LS4 and LS5 also 
reveal the presence of Q2 species in the materials. 
The amounts of Q4 in LS3-LS5 glasses are 10.2,5.3 and 
3.4%. (±1.0) respectively. By fitting an uncertain gaussian 
to the tail of the spinning spectra, such small amounts of 
unresolved Q4 can only be estimated. Analysed composition of 
the respective glasses are 32.6,36.8 and 39.2 mol% 
respectively. Therefore according to stoichiometry the LS3 
can have some Q4 units but this is more than the required 
stoichiometry. 
The average percentages of composition obtained by 
-111- 
C ö 
p1 
r- 
Qq 
C 
., 
CD 
.A 
.A 
rr y (7 
ß+"'C7 0 
o (D a 
(3 Pv 
c4. G o ti r* 
ýo cD 9'I 
A 
w Nh _, ºS r. 
Io er 
rr 
OR 
F-r 04 
-y 
yý 
ýr 
O 
rr 
v (9 
M+O 
,ooc A (A 
M CD 
ýnC O fD 
" ". y t0 
ý N. 
i 
ö 
9ö 
N 
0 
O 
0 
. 001 
0001 
0 
-112- 
INTENSITY (arbitrary unit) 
integrating the area of the fitted lineshapes to the static 
spectra and by deconvoluting the spinning spectra are 
summarized in Table 4.1. The variation of composition with 
Li20 content (mol%) is shown in Figure (4.5). The 
extrapolation of Q2 concentration may indicate that the 
glasses containing more than 29 mol% Li20 may contain Q2 
species. Thus the glasses with less than 30 mol% Li20 are 
consistent with the constrained random (binary distribution) 
[21] model. From Figure (4.5) it can be inferred that the 
amount of Q3 reaches a maximum when the lithium concentration 
is - 31 mol%. 
4.2.2 7Li NMR 
The biological and industrial applications of lithium 
have led to the NMR study of this element [26-32]. Most of 
these studies are concerned with the lithium ion motion, spin- 
spin and spin-lattice relaxation time at different 
temperatures. NMR investigation of 7Li in lithium silicate 
system was first done by Gobel et al. [30] which was also 
concerned with T1 relaxation measurements. In this section 
MAS and static NMR OF 
7Li in lithium silicates is presented 
with the hope of understanding the local environment of 
lithium in this system. 
The magnitude of the Sternheimer antishielding factor 
for 7Li is comparatively low (0.25 for Li+ whereas 5.25, 
19.96,47.66 for Na+, K+, Rb+ respectively) [32] and the 
quadrupole moment is small. Therefore, in principle, 7Li 
spectra are dominated by the first order quadrupolar 
interaction and MAS NMR should provide high- resolution 
spectra. The spinning and static 7Li spectra of LS1, LS3 and 
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CONCENTRATIONS OF Qm SPECIES (%) 
LS5 are shown in Figure (4.6) and the spectral parameters are 
presented in Table (4.2). In LS1, lithium environment is 
Si(OSi)3 0-Li+ but in LS3 and in LS5 the lithium environments 
are Si(OSi)3O-Li+ and Si(OSi)2.2(0- Li+). Unfortunately 
7Li 
has a very small range of resonance frequences (-4 PPM) [261 
and the MAS NMR spectra cannot distinguish such a little 
change of lithium environment in this system. However, a 
little change might be expected because of different numbers 
of lithium per silicon in the systems. The linewidth of 
7Li 
spectra in LS3 and LS5 are wider than that of LS1. The peak 
positions of LS3 and LS5 virtually show no difference with 
respect to LS1 (Figure 4.6). 
TABLE NO. 4.2 SPECTRAL PARAMETERS FOR 7Li IN CONVENTIONALLY 
PREPARED LITHIUM SILICATE GLASSES 
Sample Condition Peak position FWHM Reduction 
(PPM) (PPM) factor due to 
+ 0.2 +0.5 MAS 
LS1 static 0.1 34.8 7.7 
MAS 0.7 4.5 
LS3 static 0.1 38.2 8.5 
MAS 0.6 4.5 
LS5 static 0.0 40.0 6.9 
MAS 0.6 5.8 
* Error in peak position is +0.5 
4.3 LITHIUM SILICATE GLASS CERAMICS 
4.3.1 29Si NMR 
Following Schramm et al. 's [14] first investigation of 
partially crystallised L12O-SiO2 system by MAS NMR, 
crystalline lithium disilicate was studied by Rao et al. [17]. 
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But the interim state between glass and crystal, i. e. the 
successive change with heat treatment using MAS NMR has not 
been made. In this section a systematic study, starting from 
base glass to its crystalline form, is presented. 
The 29Si spectra of lithium silicate system, heat 
treated at different temperatures are shown in Figure (4.7). 
The isotropic lines are indicated as 10 and the spinning 
sidebands as SS in the figure. The chemical shifts and FWHM 
as a function of heat treatment are presented in Table (4.3). 
The resonance position varies with heat treatment indicating a 
change of average local environment of the 
29Si 
which might be 
due to change of bond angle, bond length etc. In order to 
understand this change a wide range of heat treatments was 
given to the lithium disilicate glass (LS3). A change of 
resonance position from -90 PPM (for glass) to -94 PPM (for 
crystal) was observed. The FWHM is considerably narrowed in 
the crystalline material. As the crystallinity depends upon 
the heat treatment temperature and time provided that the 
temperature is below liquidus and above glass transition 
temperature the heat treatment on LS3 was carried out for 
different times. The plots of Q3, Q4 chemical shifts (CS) and 
the Q3 full width at half maximum (FWHM) as a function of heat 
treatments are shown in Figure (4.8). It appears from high 
resolution measurements that the local environment of the 
29S1 
in the glasses is almost unchanged below glass transition 
temperature. These measurements provide evidence that the 
configuration does not change until well below Tg which have 
been assumed for a long time [33]. Above the Tg the chemical 
shift and FWHM change with time and temperature- as shown in 
Figure (4.8) because of the change of local environment and 
-117- 
P 
r- 
0ý4 
ºs 
CD 
j:: b 
(D C co 
II ß) '- C/2 
eIf" -. 
cn r 
C1t rS N 10 
o(D tD Ö Aý ^ C) 
V fi n r? 
V. 
CD W 
II r Cfl 0 
wº+ý 
cn 
v1 a ý" 
ona r* C1 ý' 
0rH. 
" to C/1 Ir 
.P9 
n 
P) 9D 
NZ0 
Vr 
N(D f) 
11 e-P 
(D 
N CJý Qý1 
, wro c3 P-ý 
stn 
CD CD 
wti 
-J 0 
cn Ir r 
oºscn ÖN i-' 
m 
-v 1 
-gy 
3m 
M 
ý' 
ým 3m 
N 
m 
0 
m 
,m 
N 
m 
m 
-v 
3=m 
m 
ýý 
ým 
Sm 
N 
m 
m 
-118- 
Ai 
v 
rc 
rn 
cn 
u2 
cn cn 0 
n 
c 
N 
0 
d 
TABLE 4.3 SPECTRAL PARAMETERS AND COMPOSITION OF LITHIUM SILICATE GLASS 
CERAMICS 
iJ 
Heat treatment 29Si spectral paramaters (PPM) 
° Sample TC/th Q4 Q3 
LS1 425/6 
475/6 
525/6 
575/6 
LS2 425/6 
475/6 
525/6 
575/6 
LS3 
I 
250/6 
250/168 
425/6 
425/168 
475/6 
475/168 
525/6 
525/168 
575/6 
626/6 
725/6 
CS FWHM 
-109.8 12.9 
-111.2 12.7 
-111.5 12.3 
-111.6 12.3 
-107.2 11.9 
-109.2 12.0 
-109.3 11.2 
-109.3 11.3 
-105.6 12.5 
-106.0 12.1 
-105.3 11.9 
-105.0 12.0 
-105.1 12.2 
-105.5 12.4 
-105.7 12.0 
+ 0.5 
Q2 + 
CS FWHM CS FWHM 
-92.7 15.0 - - 
-93.3 14.0 - - 
-93.4 13.1 - - 
-93.4 1.7 
-91.6 15.3 - - 
-92.5 14.9 I - - 
-93.2 14.5 - - 
-94.0 3.0 - - 
-90.0 16.9 -77.1 7.9 
-90.0 16.7 -77.4 8.0 
-90.3 16.5 -77.2 7.8 
-91.2 15.8 -76.9 7.8 
-91.8 16.0 -77.0 7.9 
-92.9 15.9 -76.0 8.1 
-92.7 15.6 -76.5 7.8 
-93.2 4.0 - - 
-93.2 2.0 - - 
-93.4 1.8 - - 
-92.0,1.7 
-93.7 
LS4 425/6 -103.2 11.0 -89.0 15.1 -76.5 8.3 475/6 -103.0 10.8 -91.3 15.0 -75.9 8.0 525/6 - - -94.2 2.0 -75.1 3.0 575/6 - - -94.2 1.7 -75.0 2.5 
LS5 425/6 -102.0 10.5 -87.8 14.0 -75.4 10.0 475/6 -102.1 10.3 -90.2 12.5 -75.0 8.3 525/6 - - -94.3 2.0 -74.5 2.0 575/6 - - -94.2 1.5 -74.9 1.5 
+ The spectral parameters for Q2 in LS3 are assigned tentatively. Error in 
those measurements is + 1.0 
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the entropy in the material. So it may be said that the FWHM 
is a measure of the randomness of atomic arrangements, i. e. a 
eon f iguroA; oncLL 
measure of the entropy of the system. 
A closer look at the MAS NMR spectrum of crystalline 
lithium disilicate shows an asymmetric lineshape (Figure 4.9). 
Therefore two resonances can easily be fitted to the spectrum 
as shown in the Figure. The chemical shifts were found to be 
-92.0 and -93.7 PPM. The areas under these resonances were 
found to be 29.7 and 70.3% respectively. XRD pattern also 
gives an evidence of the formation of two polymorphs in the 
sample (see 4.3.3). Although the resolution of the Bruker 
MSL-360 spectrometer is about 0.1 PPM, the two lines which 
correspond to two different polymorphs are not well resolved, 
indicating that the two type of silicon environments are not 
very different from each other. 
Comparison of the glass and crystalline static spectra 
(Figures 4.4 and 4.10) of lithium disilicate clearly reveal 
the absence of Q4 species in the latter and therefore 
restructuring Q4+Q2 » 2Q3 must occur during devitrification. 
The reaction Li20+2Q4ý- 2Q3 is possible only when excess Li+ 
occupies the holes in the glass structure. This is unlikely 
and the disproportionation Q4+Q2=2Q3 must be responsible for 
the disappearance of the Q4 resonance from the near axially Q3 
powder lineshape. 
As the spinning spectrum of crystalline LS3 (Figure 4.9) 
shows the presence of two polymorphs, axially symmetric ( axx 
a yy) powder patterns for each of the polymorphs can be 
fitted to the experimental powder lineshape as shown in Figure 
(4.10). The percentage-of composition was obtained from the 
spinning spectra as discussed earlier. The principal 
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-100 
0.0 -100.0 -200.0 
components of the chemical shift tensor were found to be axx 
=a yy = -57+5, azz = -160±8 
PPM and axx =a yy = -59+52 
a zz = -163+8 
PPM respectively. The anisotropic range is 
almost the same as glass spectra. The isotropic values 
corresponding to the Qii (i= x, y, z) are -91.7 and -93.7 
respectively and are consistent with the spinning spectra. 
The lower ?I value in the crystalline material indicates that 
the 29Si environment is more symmetric than in the respective 
glass. The experimental envelope of the crystalline LS3 
powder pattern can also be fitted to a single Q3 powder 
pattern with Q xx= -53+53, a yy = -67 +3 and azz = -164+8 
PPM, which give r=0.26. Therefore, it is worth mentioning 
that fitting one Q3 pattern to the crystalline spectrum would 
give the wrong Ti , i. e. incorrect information about the 
symmetry around the 
29Si. Once the Q4 species 
disproportionates from > 32 mol% lithia containing samples, 
the structure does not change even on long devitrification. 
The spectra for the LS1 glass and its heat treated 
(4750C/6h) form (Figure 4.7. a. 3) have been shown to exhibit 
different intensity distributions for the Q3 and Q4 species. 
The spectra were collected under the same condition and 
therefore this is due to the change of T1 relaxation time 
because of heat treatment. Thus one may infer that some 
changes, possibly glass-in-glass phase separation, has occured 
at this temperature. Relaxation time in phase separated 
material become enormously long and in order to prevent 
saturation, crystalline LS1 was run with 1 µs( n/12) pulse and 
3000s delay between the pulses. The effect of phase 
separation will be discussed further in chapter 7. 
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4.3.2 7Li NMR 
The 7Li spectra for crystalline glasses (LS1, LS3 and 
LS5) are shown in Figure (4.11). As the effect of quadrupole 
moment is small, the satellite, i. e. + 3/2 -_ +/ transitions 
are also observed in the static spectra (Figure 4.1l. b) along 
with +2r-- -2 transition. The dipolar interaction is dominant 
in the 7Li spectra. 
The width and shape of the spectra depend on the 
magnetic interactions among the neighbouring nuclei [34,35]. 
When dipolar interaction occurs between pairs of spins, the 
static lineshape is a Pake doublet [34] shown in Figure 
(4. ll. b) for Li in crystal phase. A simulation of this 
doublet for the sample LS3 with additional line broadening is 
shown in Fig. 4. ll. c. The spinning 
7Li spectra have ca 
lorentzian lineshape for the centre band (Figure 4. ll. a). The 
+ 3/2 r--º +? transitions are broken up and separated by the 
rotational frequency. 
The spectral parameters, quadrupolar frequency ( vQ) 
obtained from the distance between two satellite transitions, 
and quadrupole coupling constant are presented in Table (4.4). 
TABLE NB. 4.4 Tlf SPECTRAL PARAMETERS IN LITHIUM SILICATE BLASS-CERAMICS 
Mounts Peet 00sition 6e0YCt10n Oumarupoie Quadrupole low', 01 
SO"oL0 of Condition (PPIp IMIN factor Ou0 fromwKy coupling 
(crystalline) L120 (PPM) to MS eQ constant 
f01s) 1194: 1 10200/01 (021 
. 0.2 . 0.2 . 0.5 . 0.003 (161: 1.0.006 "300 
LSI 24.6 tutet 50.9 6.9 0.043 0.056 4542 
WAS 0.0 8.5 
LS3 32.9 static $9.9 7.0 0.042 0.001 4500 
HAS o. 0 6.5 
LSS 39.3 static 60.0 7.3 0.042 0.004 4192 
IMS 0.7 4.0 - 
4.3.3 DTA AND XRD 
Although numerous studies [2-11] have already been made 
on lithium silicates, some work on the system used for NMR 
investigation have been carried out using DTA and XRD to make 
-124- 
p 
tsa 
nN 6ý 
-a 
ß1 f) + 
Ps - aý r 
a rc ý "" ý" uN 
C. ei" N to 
W 
ý'C'tl 
1--i H. (0 
rr I-r IO f) 
. =* hi- F- 
= tt 
(D O'- r" n 
(D N ß1 
O 
cr r0 
m Mim 
c1 w0 -- 
Pl.. arý. 
e (D fD NH- 
a" win ý* 
t/7 N 0) rr 
112 
H- 
4(1P )--m- nnO cr H- cr 
rS N tý fD 
[VC) a CD 
"O %-w F'' 
r" 
x rr a-'rP 
O f.. 
D 9! r 
aN a 
PCI r+ H- 0 
O F'" 2 N " 
tr º-' 0 
ºS Nýn 
et 0 
0 F-+" cr 
0 
OO 
ar0 
N 
w e* fA 
ý" O' O 
:J (D N 
C_ 
-v m 
N 
f9 N 
r 
p r" 
BN 
m0 
m 
to 
N~ 
mC 
'O 
"U 0 
N 
mU 
-4 
C7' 
\ 
m 
8 
ýe 
N 
8 
V 
Q) 
O 
Cl) 
f+" 
O 
N 
0 n 
Q) 
'". 
iý 
t 
i 
N 
-125- 
v 
C, 
0 
F+" 
O 
N 
01 
N 
cl 
0 C'1 
C, 
, 
,' 
iý 
ýý .. N 
1 
1 
1 
1 
-. 
v' 
n 
a comparison with NMR results. The glass transformation 
temperature, Tg, liquidus temperature, Tls for the samples 
LS1-LS5 obtained from DTA are presented in Table (4.5). The 
results are consistent with previous workers [7,8]. XRD 
patterns of the devitrified glasses are also consistent with 
previous workers [7,8]. 
The Tg decreases with the increase of Li20 content 
because of the decrease of Si04 tetrahedra. The onset of 
crystallisation and the maximum crystallisation temperature in 
LS3 were found to be 540 +5 and 590 + 2°C respectively 
(Figure 4.8. d). XRD of LS3 heat treated below 475°C/6h showed 
no crystallinity in the material but above 475°C/6h showed 
lithium disilicate peak on the top of x-ray amorphous halo. 
However for the heat treatment at 475°C/168h crystalline 
Li2Si2O5 was also observed. XRD of crystallised LS3 gave a 
pattern consistent with two different polymorphs, one is the 
low temperature form and the other one is the high temperature 
form [12,13]. Presence of these two polymorphs also confirm 
the presence of two resonances in the MAS NMR spectrum (Figure 
4.9). Both the polymorphs are known to be orthorhombic with 
slightly different lattice constants. However information 
about the local order of the nuclei, e. g. Si-O-Si or Si-O-Li 
bond angle, bond length are not known. Single crystal study 
of lithium silicate showed only one monoclinic form with 
pseudo orthorhombic structure [36] with Si-O-Si mean bond 
angle 137.3°. The ratio of the amounts of two polymorphs 
obtained from x-ray study is 59.6 : 40.4 which is slightly 
different from the MAS NMR value (70.3 : 29.7). 
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TABLE 4.5 DATA FOR GLASS TRANSITION TEMPERATURE, T., 
CRYSTALLISATION TEMPERATURE, TX, AND LIQUIDUS 
TEMPERATURE, Tls IN LITHIUM SILICATE GLASSES 
Sample Glass transition Crystallisation Liquidus 
temperature, Tg temperature, TX temperature, 
Tls 
(°C) ±3 (°C) +2 (°C) ±2 
LS1 480 623 1061 
LS2 461 601 1050 
LS3 452 590 1042 
LS4 446 581 1039 
LS5 441 574 1040 
4.4 DISCUSSION OF THE CONVENTIONALLY PREPARED LITHIUM 
SILICATE GLASS AND GLASS CERAMICS RESULTS 
4.4.1 29Si SPECTRA 
The structure of lithium silicate depends upon the 
in SiO4 
concentration of L12O,, tetrahedra in agreement with previous 
workers [14-18]. The constrained random model [21] seems to 
be applicable to < 30 mol% L120 containing glasses. The 
glasses with > 30 mold Li20 contain Q2, Q3 and Q4 species 
(Figure 4.5) which are more than the stoichiometric 
requirement. 
In L12O-SiO2 system, the average distance between two 
magnetic silicons is 10.2 A and therefore the effect of 
homonuclear dipolar interaction is small because the dipolar 
interaction is invesely proportional to the cube of the 
distance between two nuclei. Dipolar heteronuclear (Li-Si) 
-127- 
interaction may also be considered as small. Therefore the 
chemical shift interaction is the primary source of broadening 
in the 29Si spectra. The line width in glass for Q2 is 9 PPM 
whereas that in Q3 and Q4 is 16 and 12 PPM respectively. 
This indicates that Q2 environment is more ordered than Q3 and 
Q4 species. 
The plot (Figure 4.5) clearly shows that the percentage 
of Q4 decreases and that of Q3 increases with increasing U20- 
The amount of Q3 goes through a maximum at -31 mol% Li20 and 
then decreases with further increase of Li20. The formation 
of Q2 leaving some Q4 in LS3-LS5 may be due to clustering 
tendency of lithium atoms [37,38]. The amount of Q2 increases 
with increasing Li20 content and the maximum of that can be 
achieved at 50 mol%. But this is beyond the glass forming 
region [1] and the sample made with 50 mol% Li20 would be 
readily crystallised as observed by Schramm et al. [14]. 
The chemical shift of Qm species in L12O-SiO2 system 
varies with Li20 content, e. g. the range of chemical shift for 
Q4 unit is -102 to -112 PPM and that for Q3 is -86 to -94 PPM 
depending upon the concentration of Li20, consistent with 
other workers [14-18]. This indicates that lower amount of Qm 
may easily be influenced by higher amount of Qm_l (0 \< m \< 4) 
or vice versa. As the maximum concentration of Q3 may occur 
at 31 mol% Li20 containing glass, the chemical shift for Q3 
in the vicinity of this level of Li20 will be less influenced 
by other species. The Q3 chemical shift in LS3 glass (32.9 
mol% Li20) is -90.0 + 0.5 PPM; whereas that for crystalline 
phase is -93.8 ± 0.2 PPM. This dissimilarity in chemical 
shift between glass and crystalline lithium disilicate 
suggests that the local electronic density of silicon in glass 
-128- 
and crystalline phases are different. 
Calculation of the chemical shift anisotropy, ILal= Iazz 
-2 ( Qxx +a yy)I is another means of understanding the 
electronic environment around the investigated nuclei [39, 
40]. Similar I Aa I indicates almost the same electronic 
environment around the silicon in glass and crystalline Si 
(0Si)3 0-Li+. The axially symmetric lineshape for crystalline 
Q3 (Figure 4.10) represents three Si-[b0] bond distances and 
three Si-O-Si bond angles are close to each other [39]. 
However crystallographic study of L12Si2O5 shows two Si-O-Si 
bond angles are 128° but the other one is 156° [36]. This 
large deviation of bond angle suggests that crystallographic 
structure has to be refined. Similar inconsistency is also 
found by several authors in different systems [41]. The 
contribution to azz could be dominated by the Si-O-Li bond 
angle which is 83° [36]. 
If the distribution of Qm species does not change during 
devitrification, the amounts of the species will be the same 
in glass and in crystal. The experimental (Q4/Q3) ratio in 
LS1 glass is 0.51 + 0.05 and that in crystal is 0.50 + 0.05. 
The calculated value for them is 0.53 + 0.05. Therefore these 
three values are in good agreement with each other and it 
gives an evidence that the distribution of Qm species follow 
the constrained random model [21] in the neighbourhood of 25 
mol% Li20 containing lithium silicate glasses. 
Disappearance of Q4 and formation of Q3 in LS3 glass due 
to devitrification suggests that Q4 must have reacted with the 
same amount of Q2. Therefore during devitrification the 
reaction of Q4+Q2=2Q3 occurs and only an axially symmetric 
lineshape due to Q3 species is observed (Figures 4.4 and 
-129- 
4.10). However, the disproportionation observed in high 
lithia containing glasses (LS4. LS5) is somewhat different 
from LS3. The crystalline spectra of both the LS4 and LS5 
reveal the presence of Q2 in the material (Figures 4.7. d and 
4.7. e). During devitrification Q4 reacts with a fraction of 
Q29 Ap, where p is the concentration of Q2, which forms 2ApQ3 
leaving the rest of Q2 (p- tp) and total Q3 (1-p-q +2 Ap) 
intact throughout further crystallisation, where q is the 
amount of Q4. Infact in crystalline LS4 and LS5 q=O and the 
total amount of Q3 becomes (1-p+2 A p). In crystalline LS5 the 
experimental (Q3/Q2) = 2.3 + 0.3 is consistent with the 
calculated value (2.4 + 0.4). 
A sample of similar composition to LS5 has also been 
investigated by Schramm et al. [14] who have attributed the 
disproportionation of the form 2Q3 0 Q2+Q4 due to 
devitrification. Early nucleation, i. e. nucleation during 
quenching from the melt could change the route of 
crystallisation [42]. Dupree and Holland [43] stated that the 
early nuclei, as L120. S'02 (Q2) in this case, could form at a 
faster rate because of Li+ diffusion to this site which 
reduces the growth of L12O. 2SiO2 (Q3) and leaves excess 
silicon as S104 tetrahedra. Q2 has a tendency to crystallise 
readily because of its lower activation energy and relatively 
narrow full width at half maximum. Therefore Li+ ion from Q3 
site preferentially occupies Q2 site and hence the area under 
Q2 and Q4 resonances increases. Such a disproportionation was 
not observed in this study, possibly due to absence of 
required level of early nucleation in the glass to change the 
devitrification route. 
The asymmetric lineshape in crystalline LS3 (Figure 4.9) 
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indicate the presence of two polymorphs with only a small 
difference in local order consistent with x-ray studies [13]. 
The information about the Si-O-Si bond angle and the bond 
length may be difficult to obtain because of such a small 
change in local order. The inconsistency between the amounts 
of polymorphs obtained from the XRD and NMR may be due to the 
difference in sensitivity of the two techniques. In this 
regard it may be said that the amounts obtained from NMR 
measurements are more reliable. Comparison of the DTA trace 
with the plots of chemical shift and FWHM as a function of 
heat treatment (Figure 4.8) clearly show the structural change 
within the same range of temperature. The maximum rate of 
change of FWHM with heat treatment may correspond to the onset 
of crystallisation ( 540oc). 
In LS1 (24.6 mol% Li20) the chemical shift changes from 
-109.8 to -111.6 PPM whereas that in LS2 (29.2 mol% Li20) 
changes from -107.2 to -109.3 PPM due to heat treatment 
(Figure 4.8. a). This may indicate that the Si-O-Si mean bond 
angles and bond lengths in the Q4 environments in these 
materials are different. 
The range of 29Si chemical shift difference between 
glass and crystalline Q2 species in lithium silicate is 3 PPM 
but that in Q3 is 8 PPM. Therefore it can be concluded that 
the distribution of local environment of Q2 is almost 
independent of large scale clustering leading to glass-in- 
glass phase separation but that in Q3 is not. It can be 
concluded that in lithium silicate glass and crystals, like 
Na20-Si02 system [21], silicon environment of Qm species does 
not change and the site symmetry varies between glass and 
crystal; but the variation is different from one type of Qm 
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species to the other. However, only a small change was 
observed between glass and phase separated Q2 and Q3 in a 
Raman study from which Matson et al. [11] predicted no 
alteration of local order in both the Q2 and Q3 due to heat 
treatment. This discrepancy between MAS NMR and Raman may be 
due to which is sensitive to local order rather than bond 
vibration. 
4.4.2 7Li SPECTRA 
The 7L1 spectra of crystalline materials are more 
informative than those of the glasses. The reduction factor 
due to MAS (~ 6-8) in both the glass and crystal is a 
representation of the presence of strong dipolar interaction 
between two spins. The same quadrupolar coupling constant in 
all the crystalline materials gives roughly the same type of 
quadrupolar interaction. 
The central + z-- 2 transition of 7Li is not broadened 
by the first order quadrupolar interaction and it behaves as a 
spin half nuclei when the second order quadrupolar interaction 
is negligible [44]. Therefore Pake doublet first observed 
for 1H - 
1H interaction in H2O molecule [34] can also be seen 
for 7Li when two lithium ions are close to each other. The 
calculation of the 
1H 
- 
1H 
separation using equ. (2.40) is 
possible but such an expression for I= 3/2 does not exist in 
the literature. 
The MAS 7Li spectra (Fig. 4. ll. b) show single resonance 
in all the materials. Moreover the 
7Li 
static spectrum of a 
single phase Li2Si2O5 also showed virtually the same doublet. 
Thus the splitting of the doublets is not due to two lithium 
sites or two different polymorphs of L12Si2O5 in the 
-132- 
crystalline samples (LS1, LS3, LS5). The formation of Li 
pairs is therefore unsuspected and has not been reported 
anywhere in the crystallographic studies of L12Si2O5 
polymorphs [4,12,13,36]. 
The level of splitting in LS1 and LS3 is almost the same 
because of the presence of Q3 species only but that in LS5 
decreases due to a range of interactions arising from lithiums 
in Q2 and Q3 environments. In crystalline material Q2 
separates from the Q3 phase and also due to formation of 
different polymorphs of Q3 the 7Li resonances are expected to 
be different. But because of small chemical shift range 
broader lineshapes rather than distinct peaks are observed. 
4.5 SOL-GEL PREPARED LITHIUM SILICATE GLASSES 
4.5.1 29Si NMR 
The 29Si spectra of sol-gel prepared lithium silicate 
glasses (LSG1-LSG3) and their compositions are shown in Figure 
(4.12) [451. The spectral parameters and the amounts of the 
respective species obtained by deconvoluting the spectra using 
the computer fitting programme are presented in Table (4.6). 
TABLE 4.6 29Si NMR SPECTRAL PARAMETERS OF SOL-GEL PREPARED 
LITHIUM SILICATE GLASSES 
Sample Amounts* Spectral parameters (PPM) + 0.5 Amounts of (%)+4% 
of Li 0 
l 
i) 4 (mo 4 Q3 Q4 Q3 
CS FWHM CS FWHM 
LSG1 10.0 -110.0 11.0 -100.6 8.7 80.2 19.8 
LSG2 25.0 -110.0 11.2 -100.6 9.7 64.3 35.7 
LSG3 33.3 -112.0 11.6 -100.5 14.9 38.8 61.2 
* nominal composition 
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spectrum 
50 0 -50 -100 -150 -200 -250 PPM 
Figure 4.12 29Si MAS spectra of sol-gel prepared 
lithium silicate glasses. 
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The spectra show two peaks, one at -10006 PPM and the other 
one within -11000 to -11200 PPM range. The relative amount of 
Q4 in the glasses decreases with the increase of Li20 content. 
But there is no peak observed corresponding to the silicon 
environment Si(OSi)3OLi expected at -9000 PPM. As the protons 
present in silicon glass allow the technique of cross- 
polarisation to be used [46], a spectrum of 29Si in LSG3 was 
collected with 2.5 ms contact time between the proton and the 
29Si spins [47]. The pulse repetition rate and the length of 
the pulse were 10 s and 5.75 µs respectively. The protons 
transfer polarisation to the nearby silicons and produce an 
enhanced signal as shown in Figure (4.12. d) with respect to 
those silicons further from protons. Here the transfer of 
polarisation was most to the 29Si(OSi)30H and the signal from 
Si(OSi)4 is not visible. Longer contact time would transfer 
less polarisation to the Si in Si(OSi)30H and hence Q4 could 
become relatively more evident but this was not carried out. 
4.5.2 7Li NMR 
The 7Li spectra of the glasses, as shown in Figure 
(4.13), look similar to that of conventionally prepared 
lithium silicate glasses and little information can be 
obtained from the spectra. 
4.5.3 1H NMR 
The interaction of H2O with catalysts, minerals, 
glasses, etc. could change the properties of these materials. 
However, not much of the attention have been given on the high 
resolution proton NMR in minerals and biologically relevant 
materials [48-49]. Recently Eckert et al. [50] and Dupree et 
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al. [51] have revealed structural information via proton NMR 
in silicate glasses. In this section 1H NMR in sol-gel 
prepared lithium silicate glasses is presented. 
1H spectra of LSG1-LSG3 are shown in Figure (4.14) and 
the spectral parameters are recorded in Table (4.7). The 
resonances in all the glasses consist of partially overlapping 
two lines, one at +2.2 and the other one, relatively broader 
at +4.8 PPM. There could be some molecular water although 
the samples were dried at 400°C/25h. In order to compare the 
spectra, proton spectrum in LiOH. H20 is also shown in the 
Figure (4.14. d). The shift for proton in LiOH. H20 are +2.2 
and +6.5 PPM (Table 4.6). The peak at +6.5 PPM is due to 
structural H2O [481 and therefore the peak at +2.2 PPM could 
be due to 1H in LiOH. The relatively narrow peak at 6.5 PPM 
is almost twice the intensity of the other peak (+2.2 PPM). 
This also provides an evidence in favour of the assignment 
because H2O molecule contains two protons but that for LiOH is 
only one. Thus the peak at +2.2 PPM in the glasses could be 
assigned to 1H in LiOH environment. So, the other resonance 
(+4.8 PPM) is most likely due to proton in Si(OSi)30H 
surrounding. 
TABLE 4.7 DATA FOR 1H NMR IN SOL-GEL GLASSES 
Sample Spectral Parameters (PPM) 
CS (± 0.2) FWIM (+ 0.4) CS (+ 0.2) FWHN (+0.4) 
LSG1 + 4.7 1.3 2.2 1.5 
LSG2 + 4.8 3.1 2.2 1.6 
LSG3 + 4.9 4.8 2.3 1.5 
LiOH. H20 + 6.5 0.5 ± 0.2 2.2 1.5 
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4.6 DISCUSSION OF THE RESULTS OF SOL-GEL PREPARED LITHIUM 
SILICATE GLASSES 
The 29Si peak position -100.6 PPM (Table 4.6) is 
different from the normal (conventionally prepared L12Si2O5) 
Q3 (-90.0 PPM) resonance. Maciel and Sindrof [52] observed 
the resonance for Si(OSi)30H at -99.8 PPM in silica gel, 
Farnan et al. [46] and Aujla et al. [53,54] reported the shift 
-100.5 PPM for that species in hydrous silica glass. 
Therefore the 29Si shift in these glasses at -100.6 PPM can be 
assigned to Q3 species where the nbo is bonded to 1H. The 
29Si resonance in anhydrous vitreous silicon ranges 
from -110.0 to -112.5 PPM [55-58]. This range of chemical 
shift mainly depends upon the method of preparation. The 
shifts in the glasses are within the range of anhydrous 
vitreous silica and are due to the Si(OSi)4 (Q4) unit. 
The sources of hydrogen are presumably due to the 
breakdown of starting materials, e. g. LiOC3H7, Si(OCH3)4, 
CH3OH, H209 HNO3 etc. and the hydrogen seems to play an 
important role in the glass structure. The 
electronegativities for 1H and Li are 2.15 and 0.95 
respectively. Therefore H+ is more likely to form bond with 
[nbo]. It can be inferred from the 29Si shift (-100.6 PPM) 
that 1H does indeed bond with the network former Si4+ via 
oxygen. The ratio (Q4/Q3) for LSG1 is comparable with the 
binary model [21] but that for LSG2 and LSG3 is not. The 
transfer of polarisation to the silicon confirms the presence 
of OH- ions as Si(OSi)30H in the samples LSG1-LSG3. The 
presence of Si(OSi)220H may be ignored because no evidence of 
peak around -90 to -93 PPM is observed from the spectrum 
(Figure 4.12. d). 
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With the increase of Li+ in the glasses the area under 
the proton resonance at +2.2 PPM increases. This may indicate 
the increase of LiOH environment with Li+ content. Molecular 
water, if present, might have an effect on the resonances but 
direct prediction is not possible from the spectra. The 
assignment of the peak (1H) at +4.8 PPM due to Si(OSi)30H is 
resonable because the 
29Si chemical shifts in these materials 
correspond to Si in Si(OSi)30H environment. Therefore it can 
be concluded that Li+ occupies the holes in the glass 
structure as LiOH and 
1H acts as a modifier in the sol-gel 
prepared lithium silicate glasses. 
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CHAPTER 5 
SODIUM SILICATE SYSTEM 
5.1 INTRODUCTION 
The sodium silicate glass structure has been examined by 
several techniques; e. g. infrared, radial distribution 
functions obtained from XRD, XPS, Raman spectroscopy etc. [1- 
5]. These show limited success in determining local structure 
or concentration of species in the quenched glasses. Infrared 
spectra [1] of sodium silicate glass reveal absorption bands 
due to bridging oxygens [bo] and non-bridging oxygens [nbo]. 
Comparison of the calculated and experimental radial 
distribution function [2,3] shows similar local order of the 
network former in glasses and their crystalline analogues. 
The presence of [nbo] has also been shown by XPS [4]. However 
none of these measurements have presented successful 
quantitative data about the particular Qm species present in 
these glasses. 
This system is of interest in the study of the kinetics 
of nucleation and crystallisation [6-9]. High resolution 
electron microscopy (HREM) has been used by several workers to 
determine these characteristics. Base glasses can be 
inhomogeneous after quenching from a high temperature melt 
even though they appear clear. Sub-microscopic inhomogeneity 
can be detected by using HREM [6]. However the resolution of 
the technique (- 15 Ä) prevents determination of early 
nucleation and hence microphase separation [10-13]. 
29Si NMR has been shown to be sensitive to the local 
electronic environment of silicon in silicate glasses and 
minerals [14-32] and the structure of sodium silicate has also 
been investigated by several authors using NMR [14,15,31]. 
Incorporation of paramagnetic centres has been shown to 
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facilitate the NMR experiments of the glass system by reducing 
the spin-lattice relaxation time [14,15]. However a 
systematic study on the system as a function of impurity 
concentration is yet to be made. There are several 
crystallographically non-equivalent structures, such as a, 
ß, Y etc., of sodium disilicates which can be produced by 
judicious choice of heat treatment [33]. In this chapter the 
effect of paramagnetic impurity and the effect of systematic 
heat treatments on the Na20.2SiO2 glasses are presented via 
MAS NMR, NMR and DTA. 
5.2 THE EFFECT OF PARAMAGNETIC IMPURITY 
The presence of paramagnetic impurities induces line 
shifts and nuclear spin relaxation because of the space 
varying magnetic field produced by the impurity moment [34- 
41]. The paramagnetic centres change the chemical shift and 
reduce spin-lattice relaxation time [39-41]. The impurity 
moment has also a significant effect on the line shape. The 
change of 
29Si relaxation time due to incorporation of 
paramagnetic impurities has been reported qualitatively by 
several authors [14,15,18,19,24,25] but the change of full 
width at half maximum (FWHM) and chemical shift (CS) has not 
been reported. Thus a quantitative measurement of the 29Si 
nuclear properties and relative crystallisation in sodium 
disilicate glasses with varying amounts of MnO are the theme 
of this section. 
5.2.1 29Si NMR 
The 29Si spectra of Na20.2SiO2. xMnO (x=0,0.05,0.1, 
0.2,0.4 and 0.8%; NS1-NS6) are shown in Figure (5.1). For 
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Figure 5.1 29Si spectra of Na20.2SiO2 glasses with 
varying amounts of MnO. 
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alkali ions the chemical shift moves to a lower frequency, 
i. e. more shielded [39-41] and a similar effect is observed in 
the case of 29Si. 
Semilogarithmic plots of recovered magnetisation versus 
relaxation delay of the samples NSI, NS3-NS6 are shown in 
Figure 5.2 and the effect of paramagnetic centres on the 
relaxation rate is shown in Figure (5.3). The relaxation rate 
is changing roughly linearly, i. e. a steep drop in T1 for low 
concentration of Mn2+. The rate of decrease is reduced for 
higher levels of Mn2+. Although the sample NS1 does not 
contain MnO but it does contain some impurities, e. g. Fe203 
- 11 PPM, A1203 - 162 PPM, which could reduce the relaxation 
time. Thus the straight line of Figure 5.3 is not expected to 
be passed through the origin. The gradient ( AT-1/AC), where C 
is the concentration of MnO, gives 0.66 s-1/%. The specwtral 
parameters and the T1 relaxation times are summarised in Table 
5.1. The variation of FWHM and chemical shift as a function 
of MnO content is shown in Figure 5.4. 
5.2.2 DTA 
The presence of any impurity, e. g. paramagnetic centres, 
in a glass melt may influence nucleation [33] and hence 
enhance phase separation, crystallisation etc. In order to 
observe the relative rate of crystallisation due to varying 
amounts of MnO in Na20.2SiO2 DTA experiments were carried out. 
The glass transition temperature, Tg, crystallisation 
temperature, Tx, and the liquidus temperature, Tls are 
recorded in Table (5.1). The Tg, Tx and Tls do not change 
very much due to addition of impurity (MnO) in the system but 
the rate of crystallisation increases with the impurity 
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Figure 5.2 29Si relaxation decay of sodium disilicates 
with different amounts of MnO. In order to 
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0.2 0 .40.6 0.8 
concentration >0.2 mol%. An example of this is shown in 
Figure (5.5). Exactly the same pair of crucibles and the same 
amounts of samples were taken for the measurements. Therefore 
the relatively large area under the exothermic peak must 
represent the higher crystallisation rate. 
According to Williamson and Glasser [33] the 
transformation of a111 phase occur at 678 and 707 °C. But 
the two peaks found in this case are at 695 and 723 °C. The 
peaks due to Y-Na2Si2O5 transformation occur at 560,575 and 
595 °C and those for Y+6 -Na2Si2O5 occur at 580 and 595°C. 
Therefore the observed peaks are close to a III - Na2Si2O5 and 
it may be said that a111 - Na2Si2O5 transformation occurs 
during the heating cycle of DTA experiments (Figure 5.5). 
5.3 THE EFFECT OF DEVITRIFICATION 
The MAS NMR spectra of species in glasses with very 
small structural differences are indistinguishable from each 
other since the chemical shift difference is much less than 
the linewidth. Therefore only an average electronic 
environment of a particular species is observable in glass. 
For example, 
29Si spectra of Na20.2S'02 glasses (Figure 5.1) 
are not very informative as to how and where the Na+ ion is 
situated because of the range of sites of the species. In 
ordered material it would be expected that MAS NMR spectra 
should provide well resolved lines corresponding to different 
positions of the next nearest neighbour (nnn). The purpose of 
this section is to show the sensitivity of MAS NMR to the 
local environment of the 
29Si in sodium disilicate by 
judicious choice of heat treatments. 
Glass ceramics of Na20.2SiO2 were produced by controlled 
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heat treatment of the glass under normal atmospheric pressure. 
Sodium disilicate glass can be crystallised to yield six 
polymorphs at one bar pressure depending on temperature and 
time of heat treatments [33]. A set of heat treatment 
temperatures was chosen to produce different polymorphs. The 
29Si spectra of the respective products are shown in Figure 
(5.6). Their chemical shifts and the Si-O-Si mean bond angles 
are given in Table 5.2. 
Like lithium disilicate (Chapter 4), the sodium 
disilicate glass contains Q3 and a small percentage of Q4 and 
Q2 species (Figure 5.7. a) whilst the crystal contains only Q3 
species. The 
29Si 
static spectrum of crystalline Na20.2SiO2 
(Figure 5.7. b) is a representation of an axially symmetric 
powder pattern from which it is not possible to infer the 
number of polymorphs formed during devitrification. But in 
the case of MAS NMR spectra (Figure 5.7. c) narrowed spectra 
due to the formation of a, ß and a mixture of Y and b phases 
at 625°C/12h are observed. The mixture of Y and b phases at 
that particular temperature was noted by Williamson and 
Glasser [33]. According to their investigation the 
subtraction of the 6 phase XRD pattern from the composite 
pattern of Y+S phase yielded the XRD trace of Y phase. 
An attempt to correlate the chemical shift with sec a' , 
where a'= Si-O-Si bond angle, is made in a different way from 
previous workers [30]. They used a correlation derived by 
Smith and Blackwell [42] for silica polymorphs to correlate 
Q2, Q3 and Q4 structural units. In alkali silicates, the 
isotropic chemical shift values of Q2, Q3 and Q4 are within 
- 77+2, -90+4 and -105+7 PPM respectively. Chemical shift and 
bond angle depend upon the number of [bo] and [nbo]. Thus the 
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Figure. 5.6 29Si spectra of heat treated sodium 
disilicate glasses. 
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TABLE NO. 5.2 Spectral parameters and Si-O-Si mean 
bond angle of Na2Si2O5 polymorphs 
Polymorph Chemical shift FWHM Si-O-Si mean 
(PPM) + 0.2 (PPM) + 0.2 bond angle 
(0) 
a -93.6 1.4 149.5 
p -87.4 1.8 136.8 
-85.6 1.4 135.1 
Y+6 -83.8 -+ 
y* -86.0 -+ 
-90.0 -+ 
* Obtained from page 183 and 184 
+ Not known 
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correlation used for Q4 tetrahedra [42] may not be used for Q3 
and Q2 units [43]. The Si-O-Si bond angles for a- and ß- 
Na2Si2O5 are known [44,45] but those of y and 8 are unknown. 
Figure (5.8. a) shows the plot of 29Si chemical shift against 
the sec a' for the polymorphs. 
some uncertainty because of 
A straight line is drawn with 
only three points and the 
correlation is found to be 
8= -132.5 - 33.3 sec a' 
(5.1) 
000.00 
where 6 is the chemical shift. Figure 5.8. b shows the 
variation of chemical shift for a certain range of a' . 
5.4 23Na NMR IN SODIUM DISILICATE GLASS AND GLASS-CERAMICS 
Dupree et al. [14] first carried out 23Na MAS NMR in 
sodium silicate glasses and glass-ceramics. The results 
presented in this section on Na2Si2O5 are consistent with 
Dupree et al. [14] but extend to a more systematic study of 
how the sodium environment changes with successive heat 
treatments. 
The 23Na spectra of Na2Si2O5 glass and samples heat 
treated at different temperatures and times are shown in 
Figure (5.9). The spinning spectra of the glasses are almost 
gaussian lineshapes flanked by spinning sidebands. The static 
spectra of glasses are also gaussian lineshape. The satellite 
transitions corresponding to +3/2-o * tk are not observed 
because of a large electric field gradient which wipes out the 
higher order transition. A change in the 23Na lineshape in 
glass is observed (Figure 5.9) with successive heat treatment. 
The spectra for crystalline materials represent the second 
order quadrupolar effect at the site of the sodium nucleus. 
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Figure 5.9 23Na spectra of Na2Si2O5 glass and 
glass ceramics. 
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I\ 525 °C/6h 
The peak position corresponding to glass spectrum is 
+0.7 PPM, consistent with Dupree et al. [14]. The observed 
change in resonance frequency and in lineshapes between glass 
and crystalline spectra indicate the change of 23Na 
environment because of heat treatment. This effect has also 
been observed by Dupree et al. [14] in Na20-SiO2 system. The 
spectra are narrowed by a factor of 4-5 due to spinning at the 
magic angle. 
An attempt has been made to simulate the spectra using 
different ri values to calculate the electric field gradient 
at the site of sodium nucleus but the presence of more than 
one polymorph creates a problem for simulation. Although the 
29Si spectrum of Na20.2SiO2 heat treated at 775°C/168h shows a 
single resonance (Figure 5.6.7), XRD powder pattern of the 
sample is consistent with aI and a,, forms of the a- 
Na2Si205 family. This therefore gives rise to two peaks with 
dissimilar intensity (Figure 5.9. g) in the 23Na spectra of the 
sample and this makes simulation inaccurate. The local 
symmetry of sodium does not seem to be very different from the 
powder diffraction studies of aI and a,, - Na2Si2O5 
polymorphs [331. Single crystal studies of these two 
polymorphs are not available to date and it is not possible to 
calculate the values of the asymmetry parameters for the 
sodium sites of the polymorphs. Despite this complication an 
estimate of quadrupolar coupling constant (e2qQ/h) of 1.7 + 
0.2 MHz can be made from the peak positions by assuming the 
asymmetry parameter, 9 =0. Static 
23Na NMR with 2.5MHz 
spectral width did not show any higher order transitions. 
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5.5 DISCUSSION 
5.5.1 PARAMAGNETIC IMPURITIES 
Impurities are unavoidable constituents in the glass 
system. The presence of paramagnetic impurities in the 
diamagnetic solids change the magnetic properties of the 
constituent elements. The large impurity moment may have an 
influence on the linewidth and on the chemical shift. 
The alkali to silicon ratio is constant for all the 
samples and it would be expected that the amounts (%) of Q4 
and Q2 may be the same in all the materials. Therefore the Q3 
chemical shift is relatively unaffected by the connections 
Q3-'4----» Q4 and Q2-4 Q3. The apparent change in the 
29Si 
linewidths and chemical shifts with the increase of 
paramagnetic centres is due to modification of the local field 
in the vicinity of 
29Si [371. 
The magnetisation M due to the presence of paramagnetic 
centres is given by [46] 
g2 µ2 S(S+1) 
M-N 
kT 
BO ... ... (5.2) 
where N is the number of impurity ions per unit volume, g is 
the Lande g-factor, µ is the Bohr magneton, S is the spin of 
manganese, k is the Boltzmann constant and T is the 
temperature. All the terms on the right hand side of equ. 
(5.2), except N, are constant. The value of N for 0.1 mold 
MnO in Na20.2SiO2 is 7.87 x 1026 m-3 and that for 0.8 mol% 
MnO is 6.3 x 1027 m-39 i. e. M increases linearly with N. 
Moreover the field varies as 1/r3, i. e. the silicons at 
different distances see different fields. Thus - the 29Si in 
the neighbourhood of paramagnetic centres sees a large field 
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in comparison to its average local field. Therefore the 
nearby silicons do not contribute to the NMR signal, i. e. 
within a radius 'b' there will be no spin diffusion [35]. 
This large space varying magnetic field may be the cause of 
relatively wider linewidth and more shielded chemical shift. 
Increased addition of MnO will ultimately wipe out the 
29Si 
signal. 
The overall process involves the rate at which spins can 
diffuse energy to the paramagnetic centres and the rate at 
which the magnetic centres equilibrate spins in their 
neighbourhood [36-38]. For both fast and slow diffusion 
limits several authors have shown that the 
relaxation rate is proportional to the concentration of the 
impurity ion (see section 2.6).. Figure (5.2) shows the marked 
change of relaxation time and Figure (5.3) clearly shows that 
the relaxation rate is proportional, within the experimental 
error, to the impurity concentration as expected. 
Impurities enhance nucleation, phase separation, 
-160- 
crystallisation etc. and hence change the glass properties 
[47]. Paramagnetic impurities may also have a profound effect 
in this respect. Addition of paramagnetic impurity upto 0.8 
moll is not reflected in any appreciable change of Tg, TX and 
Tls (Table 5.1). This suggests that MnO is not chemica]Jy bonded 
to the network. 
The area under the crystallisation peak for the samples 
NS1 (0.0 moll MnO) and NS3 (0.1 mol% MnO) are almost the same 
but that for NS5 (0.4 mol% MnO) is larger. This indicates 
that upto 0.1 mol% MnO the rate of crystallisation does not 
change appreciably. Therefore it can be concluded that up to 
0.1 moll MnO can be added to facilitate the NMR experiments 
for structural investigation in alkali silicate glasses. The 
impurity MnO may act as nucleating agent, i. e. higher the 
impurity concentration higher the nucleation centres and hence 
the comparatively large crystallisation peak in Figure 5.5. c. 
Therefore by adding a precise amount of MnO the 
crystallisation property of the silicate matrix may be 
tailored to the desired level. 
5.5.2 DEVITRIFICATION OF Na2Si2O5 
There are six polymorphs, aI, aII, aIII, ßY and 6, 
of Na2Si2O5 known to exist at low pressure (1 bar) [33]. The 
non equivalent crystalline sites begin to appear for heat 
treatment 575°C/6h. The crystallisation products in 
Na20.2SiO2 heat treated at 625°C/12h are aI, aII, p and Y+ 6 
phases. The individual mean bond angle and bond lengths for 
the a -Na2Si2O5 group are unknown and from MAS NMR only one 
peak at -93.5 PPM corresponding to this group is observed. It 
may be said that the local order of silicons in the a-group is 
-161- 
essentialy the same but in long range order they are 
different. The effect of sodium site symmetry on silicons of 
the group is difficult to interpret from the 23Na spectrum 
(Figure 5.9. e) because this material contains a variety of 
polymorphs in which sodiums local order are impossible to 
distinguish. However the little shoulders (Figure 5.6.5; 
enlarged scale of 625°C/12h) on the peak at -93.5 PPM may be 
due to the members of a-Na2Si205 family. 
XRD data [45] show that ß-Na2Si205 does have two 
different silicon sites and this is confirmed by two well 
resolved 29Si resonances at -87.5 and -85.7 PPM. This 
resolution may also be enhanced by the different coordinations 
of sodium, one is octahedral and the other one is trigonal 
biprism, as nnn of the two silicons. 
The mixture Y+6 phase is unstable [33,48] and only s- 
and ß -Na2Si2O5 are observed for the heat treatment 
625°C/168h. All the Y+8 phase is converted to p phase which 
is evident from the Figure (5.6.6). The p -Na2Si2O5 is also 
unstable [33,48] and when the sample was heat treated at 
775°C/168h, all the ß -Na2Si2O5 is converted to a I- and all 
- Na2Si2O5. This is confirmed by XRD and the resonance 
position corresponding to this phase is observed at -93.6 PPM 
which is close enough to the previously assigned peak (-93.5 
PPM) for a I- and a II - Na2Si205 . 
According to Smith et al. [49] and Brown et al. [50] the 
<Si-0> bond distance changes from 1.61 A to 1.64 Ä as the 
various Qm (04m44) species grow in the glass system from Q4 to 
Q0 due to addition of alkali metal oxide. Chemical shift is a 
function of bond distance and bond angles [51,52] and the 
former increases with the decrease of the latter [53]. These 
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facts suggest the validity of equ. (5.1) and therefore Si-O- 
Si mean bond angle for the species of unknown structure may be 
determined. Using equ. (5.1) the mean bond angle for Y+8 
and 8 phases are estimated to be 132.7 and 141.3° 
respectively. Thus NMR provides an estimate of mean bond 
angle where the single crystal study is not available. 
Despite the complicated lineshapes of 23Na spectra some 
structural information can also be obtained from the 
transition. For half integral spin, the central transition 
can be expressed as a linear combination of three functions of 
which the powder average is zero [54]. The MAS NMR 
23Na 
spectra for Ti =0 may therefore be obtained with three 
singularities for which the sodium in the material under 
investigation has crystallographically single environment. 
However with the change of Ti , the number of singularities 
changes. Behrens and Schnabel [55] have shown that the shape 
of the central line may exhibit four singularities for 0.50 
11 < 0.75. But all these derivations are for single phase 
material which is not achieved by the heat treatments carried 
out in this work. 
The 23Na spectrum of Na2Si2O5 heat treated at 775°C/168h 
(Figure 5.9. g) is a representation of two sodium environments 
in ar and a 11-Na2Si2O5. The dissimilarity in peak 
intensity indicates that the sodium sites are slightly 
different in these two polymorphs. The wiping out of + 3/2-+/ 
transitions suggests that the e2qQ/h could be 1.7 MHz as 
estimated from the spectrum. A comparison of Figure 5.9. g 
with 5.9. f indicates that the two highest peaks are at the 
same place. Thus it may be said that there is an environment 
with n =0 in the Na2Si2O5 heat treated at 625°C/168h. The 
-163- 
23Na MAS NMR at two different fields may provide a way to 
estimate these parameters more accurately. 
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CHAPTER 6 
EFFECT OF PHOSPHORUS IN ALKALI DISILICATE SYSTEM 
6.1 INTRODUCTION 
The aim of the glass ceramist is to produce crystalline 
materials by controlled crystallisation using a judicious 
choice of heat treatments [1]. Mechanical and electrical 
properties of glass ceramics depend upon the size of the 
microstructure formed during crystallisation and the 
objectives include the attainment of a fine grained 
microstructure that will confer appreciable mechanical 
properties [1]. This desired microstructure in most glass 
ceramics is markedly dependent on causing a high nucleation 
rate within the glasses which can be achieved by adding a 
suitable nucleating agent in the glass melt [1]. 
Phosphorus pentoxide (P205) is one of the best 
nucleating agents that enhances the rate of nucleation in 
alkali silicates [1,2-14]. Numerous studies [2-17] have 
already been carried out on the effect of P205 addition in 
alkali silicates. There has been considerable speculation 
about the physical and chemical processes that occur during 
conversion from glass to glass ceramics by means of heat 
treatment. Controversy still exists over the exact kinetics 
of nucleation, crystallisation, phase separation, etc. in P205 
containing alkali silicate, henceforth referred to as alkali 
phosphosilicate, glasses. TEM study of partially crystallised 
lithium phosphosilicate glasses [13] of compositions 
30Li20.69SiO2. lP2O5 and 31.5Li2O. 67.5SiO2.1P205 has led to 
five models of phase separation. In those models James and 
McMillan [13] predicted the presence of Li2Si2O5 and S102 
crystal with the possible formation of crystalline L13P04, 
L14P207, LiPO39 P205 and the presence of P205 in the 
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precipitated silica. In the partially crystallised state the 
volume fractions of those compounds were so small that they 
could not be identified by using XRD. In a further study [14] 
of the same composition the authors did observe lithium 
disilicate crystals along with crystals of either different 
composition or different structure which they assumed to be 
phosphates. 
Harper and McMillan [5] reported a considerable change 
(300 times greater) of nucleation density due to replacement 
of 1 moll Si02 by the same amount of P205 in 30Li2O. 7OSiO2 
glass. Later Hing and McMillan [7] revealed that the 
nucleation density can be made 106 times higher by choosing 
the optimum nucleation temperature in the same P205 containing 
sample. Recently the researchers at Sandia National 
Laboratory [18] have found L13P04 in a highly crystalline 
Li20-Si02-P205 system and predict the growth of other phases 
epitaxially on the top of L13PO4 crystals. This nucleating 
property of phosphorus, even in small amounts, must reflect 
the effect of its presence on the local structure in the 
glass. However to date there is little structural information 
available because of poor sensitivity of the techniques, e. g. 
XRD, TEM, SEM , to the random long range order of the network 
formers. Several questions arise about the environment of 
network formers S14+, PS+, etc. in the alkali phosphosilicate 
system. (i) noes k' go into the Si'' network? (ii) Does 
P5+ form the same environment in all the alkali 
phosphosilicate system? (iii) How does S14+ behave due to 
addition of p5+? (iv) What happens to the modifier oxide, 
R20 (R = Li, Na, K)? (v) How does p5+ enhance phase 
separation in alkali silicates? etc. In order to answer some 
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of these questions the identification of S14+, p5+ local 
environments has been raised by several authors [19-21] in the 
sodium phosphosilicate system using vibrational spectroscopy. 
Raman spectroscopic data [20] on sodium silicate glasses have 
been interpreted as indicating the presence in these glasses 
of a phosphate unit similar to that found in sodium 
orthophosphate (Na3PO4), i. e. monomer followed for 
concentrations of P205 greater than 5 mol% by units similar to 
those found in sodium pyrophosphate (Na4P2O7), i. e. dimers. 
All the monomer, dimer and chain phosphate (NaPO3) are present 
in high P205 containing glasses [20], but the relative 
proportions of these units could not be determined. Infrared 
and Raman spectroscopic data also suggests the presence of a 
structural unit containing Si-O-P bonding in high P205 
containing glasses [19,20]. These studies [13,14,19-21] lead 
to the alkali phosphosilicate glass structure as 
Initial crystalline Final glass p 
components 
(1) 
(2) 
R20 + S102 + P205 > R2Si205 + Si02 +(3) 
(4) 
(5) 
roduct 
R3P04 
R4P207 
RP03 
... 
(6.1) 
P205 
Si02+P205-Si-0-P 
The first two, (3) and (5) of the final glass product may form 
a 3- dimensional network but the rest remain as an isolated 
unit. Among the five possibilities, along with R2Si2O5 and 
S102, how many of these form at what level of P205 in which 
kind of alkali content are not very clear. Formation of Si-O- 
P bonds suggest the formation of Si3(PO4)4, S1P2O7 and 
S15O(PO4)6. The silicons in Si3(PO4)4 and SiP207 are 6- 
coordinated but those in the Si50(PO4)6 are 4- and 6- 
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coordinated [22,23]. Crystallographically 
silicon does not exist in inorganic materials 
this information leads to further questions 
silicon coordination change from its origli 
other numbers? (ii) what happens in the case 
lithium silicates? All these questions 
5- coordinated 
[22]. Therefore 
(i) does the 
za1 four to any 
of potassium and 
are yet to be 
answered. 
MAS NMR must reflect some idea of the local order of 
S14+ and P5+ in the alkaliphosphosilicate system from which 
direct quantitative information about the nearest neighbour 
and next nearest neighbour environment of the nucleus can be 
obtained. However, the interpretation of 
31P signals can be 
difficult because of overlapping spinning sidebands due to the 
large chemical shift anisotropy and strong homonuclear dipolar 
coupling [24]. This can be overcome by spinning the sample at 
a rate higher than the dipolar interaction which could be 
5kHz. In this chapter all the questions raised previously are 
answered by applying MAS NMR spectroscopy to alkali 
phosphosilicate glasses. A model to calculate the relative 
amounts of the structural units and the first observation of 
the change of Si4+ coordination to S16+ in glasses are also 
presented. Some effort is also made to predict the change of 
silicon coordination by using infrared spectrophotometry. 
Raman and X-ray scattering studies [25,26] of Na20- 
A1203-Si02 can provide general information about the nature of 
tetrahedral polymerisation in the glasses. These methods 
reveal little about the local order of Na. The change of A13+ 
coordination is not observable through Raman scattering, XANES 
and EXAFS studies of the system [23,25,26]. However, Raman 
investigation of Na20-Al203-SiO2-P2O5 glasses [28] can predict 
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the change of A13+ coordination but cannot provide any 
evidence of silicophosphate formation. In this chapter the 
coordination of aluminium is determined and the change from 4- 
to 6- coordination due to a change of the amounts of 
phosphorus in the high phosphorus containing samples are 
presented. An attempt is also made to interpret the sodium 
environment by using 
23Na NMR. 
The glass structure in the vicinity of transition region 
changes with cooling or heating rate which also reflect the 
change of physical and chemical properties [29-31]. The 
structural state of the glass can be represented by a 
temperature, generally called fictive temperature, Tf [29-33]. 
The change of glass structure depending upon the variation of 
cooling rate can be easily measured by MAS NMR and a 
correlation is presented between the structural relaxation and 
the Tf. 
6.2 THE ROLE OF SMALL AMOUNTS OF P205 
The influence of the addition of small amounts (1-8 
moll) of P205 in the alkali disilicate glass structure is the 
theme of this section. In addition to a glass there are four 
cystalline forms of P205 [34-38], including a high pressure 
form [34]. The arrangements of P04 tetrahedra, stable at 
atmospheric pressure, are different [34,35] and the 
31P 
chemical shifts are observed at -46.5, -47.0, -57.9 and -61.2 
PPM [39]. However, in the P205 glass these differences are 
not distinguishable and only one 
31P resonance at -54.9 PPM is 
observed [39]. Here the reaction of this P205 with different 
Rf (R=Li, Na, K) metal ions, which could be observed from the 
different-from-aforesaid chemical shifts, in the binary alkali 
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disilicate and the local order of S14+, P5+ and Na+ in the 
system are presented. 
6.2.1 LITHIUM DISILICATE 
6.2.1.1 29Si NMR IN BASE GLASSES 
The spectra for 
29Si in the lithium disilicate 
compositional range (LSP1, LSP2 and LSP4(a)) with different 
amounts of P205 are shown in Figure (6.1). The spectra 
generally consist of two overlapping isotropic peaks (I0), one 
corresponding to Q4 [40-45] as a spherically symmetric unit, 
has no spinning sidebands and the other corresponding to Q3, 
near axially symmetric and therefore associated with spinning 
sidebands (SS). Visual examination of the spectra shows that 
the Q4 resonance increases in intensity as the amount of P205 
increases. A least squares fit of the spectra to two 
gaussians was carried out to obtain the chemical shifts, full 
width at half maximum and area under the respective species. 
These data are summarised in table (6.1) together with the 
observed (Q4/Q3) ratio. The chemical shift for both Q4 and Q3 
becomes more negative as the concentration of P205 increases. 
The FWHM of the Q4 resonance also increases by amounts greater 
than the experimental error. 
6.2.1.2 29Si NMR IN HEAT TREATED GLASSES 
The 29Si spectra of the glasses LSP1 and LSP4(a) as a 
function of heat treatment are shown in Figures 6.1. b and 
6.1. c respectively. The chemical shifts of the Q3 and Q4 
species in LSP1 change with heat treatment and approach the 
value similar to their crystalline form. The sample LSA(a) was 
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Q37 
(a) Q4 
+ Lit 0.2SiO2 
LSP4(a)A 1ý 4.3 mo1X P205 
LSP2 1.88 mo1*4 P2 05 
0.93 mot : P2 05 
LSPI rý 1J 1 
1 
tae -200 
PPM 
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425 °C/6h 
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625 °C/6h 
(b) 
575 °C/6h 
625 °C/6h 
IiI1Iiý, II. 1 
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Figure 6.1 29Si spectra of lithium phosphosilicate 
(a) base glasses, (b) LSP1 and (c) 
LSP4(a) heat treated at various 
temperatures. 
Q3 
_ 
LSP4(a) 
X21 iýý4 
475 °C/6h 
i 525 °C/6h 
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fI I` 425 °C/6h 
initially phase separated and the chemical shifts of the 
species do not change with heat treatment. However the FWHM 
in all the samples changes with heat treatments and are 
summarised in Table (6.1). 
The striking differences between the two sets of spectra 
(Figure 6.1. b and 6.1. c) are the formation of Q2 units along 
with Q3 and Q4 species in LSP4(a) due to heat treatments. 
There is no evidence of formation of Q2 in LSP1 because of 
devitrification and the relative amounts of Q3 and Q4 remain 
almost constant. The amounts of Q2 and Q4 in LSP4(a) glass 
ceramics increases and that of Q3 decreases as a result of 
disproportionation 2Q3 Q2 + Q4. The rate of 
disproportionation increases with the increase of heat 
treatment temperature. This could be equally true if the 
sample is held at a particular temperature, which is high 
enough to disproportionate Q3, for a different length of time. 
6.2.1.3 31p NMR 
The spectra for 31P in the lithium disilicates (LSP1, 
LSP2 and LSP4(a) are shown in Figure (6.2). Only one 
phosphorus site is observed for all phosphorus concentrations, 
with a chemical shift of -10 PPM. Comparison of the peak 
position (10 PPM) with crystalline material [46,47] suggests 
that the environment of phosphorus is like L13PO4. 
The 31P spectra of heat treated LSP1 and LSP4(a) are 
shown in Figures (6.2. b and 6.2. c) respectively. From the 
single peak in both the glass and glass ceramic, it can be 
inferred that the 31P environment does not change due to heat 
treatment. The relatively narrow line in the heat treated 
material represents the crystallinity of L13PO4 units. The 
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Orthophosphate 
(a) Li20.2SiO2 + 
LSP4(a) 
LSP2 
LSP1 
4.3 mo1X P2 05 
1.88 mo1x P2 05 
0.93 mol% P205 
50 0 -50 PPM 
- Orthophosphate 
LSP1 
(b} II 
LSP4(a) 
(c) 
525 °C/6h 
525 °C/6h 
575 °C/6h 
r 
625 °C/6h 
1 1_ i 
50 0 -50 PP t4 
50 0 -50 
PPM 
Figure 6.2 
31P spectra of lithium phosphosilicate 
glass and glass ceramics. (a) Base glasses. 
(b) LSPl and (c) LSP4(a) heat treated at 
various temperatures. 
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chemical shifts and FWHM are presented in Table 
(6.1). Only 
one or possibly two pairs of SS due to spinning the sample at 
3.3 kHz represent the small anisotropy associated with 
phosphorus in the material. Calculation of the anisotropic 
range using the method of Herzfield and Berger 
[48] shows 
45+5 PPM which is consistent with the spectra. 
6.2.1.4 7Li NMR 
The 7Li spectra of lithium phosphosilicate glasses and 
glass-ceramics are shown in Figure (6.3). The glass spectra 
are almost indistinguishable from the 
7L1 spectra of LS3 glass 
(Figure 4.6). The Pake doublet as observed in LS3 crystal 
(Figure 4. ll. b) is not noticeable in lithium phosphosilicate 
crystalline materials. 
6.2.2 SODIUM DISILICATE 
In this section sodium disilicates with varying amounts 
(1-8 mold) of P205 studied using MAS NMR to identify changes 
the sodium phosphosilicate glass structure. The results 
presented here agree in part with infrared and Raman data 
[19,20]. The MAS NMR data show that the rates of nucleation, 
phase separation and crystallisation are comparatively lower 
in sodium phosphosilicates than in the lithium phosphosilicate 
system. The structural information obtained from 
29Si 
and 
31P 
NMR possibly explains the root cause of low nucleation and 
hence low crystallisation rate in the system. The 
23Na NMR is 
also presented in this section. 
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U7 
0 
0 
n 
6.2.2.1 29S1 NMR IN Na20.2SiO2-P205 BASE GLASSES : 
The 29Si spectra of sodium phosphosilicate glasses 
(NSP1-NSP5) are shown in Figure (6.4). Like the lithium 
phosphosilicate system, the spectra are also a combination of 
overlapped Q3 and Q4 resonances. However, the amounts of Q4, 
either by visual examination or by deconvoluting the spectra, 
are less in comparison to the Li20.2SiO2-P2O5 system. But the 
general trend of the increase of Q4 units with the increase of 
P205 content remains the same. The spectral parameters and 
the ratio of the two species (Q4/Q3) are summarised in Table 
(6.2). 
6.2.2.2 29Si NMR IN Na20.2SiO2-P205 GLASS CERAMICS 
The 29Si spectra of heat treated NSP1-NSP3 are shown in 
Figure (6.5. a, b and c) respectively. The evidence of 
disproportionation of Q3 unit and the formation of Q2 and Q4 
due to heat treatment is not observed for 1-4 moll P205 
containing samples. The single wide (-11 PPM) Q3 resonance 
observed in the glasses splits up into two narrow lines in the 
heat treated materials, one at -94 PPM and the other one at 
-90 PPM, representing the formation of two sodium disilicate 
polymorphs. XRD patterns of the crystallised samples are 
consistent with a- and b- Na2Si2O5 phases. In addition to 
these phases a small amount of Y- Na2Si2O5 and S102 are also 
observed in NSP2 and only S102 in NSP3 crystals (Figure 6.5). 
As it has been found that [see Chapter 5] the peak at 
-94 PPM is due to a- Na2Si2O5, the other peak at -90 PPM could 
be a characteristic of 6- Na2Si2O5. The peak at -110 PPM 
is due to the formation of S104 tetrahedra. A closer look at 
-180- 
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Figure 6.4 29Si spectra of sodium phosphosilicate 
glasses. 
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the MAS NMR spectrum of NSP2 heat treated at 625°C/6h clearly 
shows a shoulder at -86 PPM. This shift could be assigned to 
Y- Na2Si2O5. The other polymorph, ß- Na2Si2O5, may not form 
in this material. All the spectral parameters and the 
composition formed during heat treatment are also given 
in 
Table (6.2). 
the experimental Q4/Q3 ratios in NSP2 and NSP3 glasses 
are 0.17 ± 0.05 and 0.38 + 0.05 respectively. However, the 
ratio in the heat treated glasses apparently increases with 
heat treatment and finally the ratios become 0.34 + 0.05 and 
0.80 + 0.1 respectively. For both the cases (Q4lQ3)crystal 
>(Q4/Q3)glass and therefore it indicates the polymerisation of 
Si04 tetrahedra. This could only happen if the alkali metal 
ion dissociates from the Q3 species due to heat treatment. 
6.2.2.3 31P NMR IN BASE AND HEAT TREATED GLASSES 
The spectra for 
31P NMR in the sodium phosphosilicate 
glasses (NSP1-NSP5) are shown in Figure (6.6. a). For this 
system two distinct sites with chemical shifts of 15.0 and 
2.5 PPM are found. As the concentration of P205 is 
increased, the latter resonance increases in intensity at the 
expense of the former up to 4 mol% and then the former 
increases at the expense of the latter up to 8 mol% P205. 
Comparison with the chemical shift data for crystalline 
materials [46,49-51] suggests that the higher chemical shift 
(- +15 PPM) is in a site very similar to the sodium 
orthoposphate, the monomer Na3PO4 + 13.7 PPM. The phosphorus 
nuclei with the smaller chemical shift at +2.5 PPM can be 
assigned to an environment like sodium pyrophosphate, the 
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6.6 31P spectra of' (a) sodium phosphosilicate 
base glasses (b) NSP3 heat treated at 
various temperatures. The isotropic peaks 
are marked as I and the rests are spinning 
sidebands(SS) 
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dimer Na4P207 at 2.4 PPM. The anisotropy, IAaI, 
associated with phosphorus in Na3PO4 is small, - 50 PPM, but 
that in Na4P2O7 is comparatively large, IAaI- 125 PPM. 
These ranges of anisotropy can also be declared from the 
number of spinning sidebands of the isotropic lineshapes of 
Na3PO4 and Na4P207. The relative amounts of phosphorus in 
different sites can be obtained by summing the intensities of 
all peaks arising from the individual resonances (I0 + all SS 
for each resonance), and deconvoluting where overlapping 
occurs. The plots of the concentrations of Na3PO4 and Na4P207 
as a function of analysed P205 concentration in NSP1-NSP5 
glasses are shown in Figure (6.7). 
On heating the sodium disilicate glass containing 4 
mol% (NSP3) P205 the pyrophosphate dimer dissociates to some 
extent and forms the monomer Na3PO4. The 
31P spectra as a 
function of heat treatment in NSP3 glass are shown in Figure 
(6.6. b). In the MAS NMR spectra, the crystallinity is 
followed by a narrow lineshape and is also clear from the 
Figure. The isotropic chemical shifts, FWHM and the relative 
amounts of each phosphorus site in the various glasses 
together with the chemical shift anisotropy of each site, 
determined from the spinning sideband intensity [48], are 
summarised in Table (6.3). 
6.2.2.4 23Na NMR 
In the case of 23Na NMR in NSP1-NSP5 only the 
transition is observed and the spectra are shown in Figure 
(6.8). As the first order frequency shift for this transition 
is zero, the wide gaussian lineshapes could represent the random 
distribution of sodium atoms and the second order quadrupolar 
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interaction. The dipolar coupling between Na and P, which is 
not solely (3 Cos29 -1) dependent 
[52], may also cause 
spectral broadening. Non-existence of the second order 
quadrupolar lineshape indicates that the quadrupolar 
interaction is small in comparison to chemical shift 
dispersion. The peak positions and FWHM are presented in 
Table (6.3). 
6.2.3 POTASSIUM DISILICATE 
The 29Si and 31P results of K20.2SiO2-P205 are very 
similar to those of the Na20.2SiO2-P205 system and are 
presented in brief in this section. 
6.2.3.1 29Si NMR 
Like sodium phosphosilicates, the 
29Si spectra in 
K20.2SiO2-P2O5 also consist of Q3 and Q4 species and are shown 
in Figure (6.9. a). However the amounts of Q4 are less in 
comparison with the Li20.2Si02-P205 and Na20.2SiO2-P2O5 
systems. The spectral parameters and the amounts of the 
species are summarised in Table (6.4). 
6.2.3.2 31P NMR 
The spectra for 
31P in the potassium disilicate with 
varying amounts (1-4 mol%) of P205 are illustrated in Figure 
(6.9. b). There are two distinct phosphorus sites, one at -13 
PPM and the other one at -1.5 PPM. The phosphorus 
environment in the former is characteristic of K3PO4 and the 
latter is like K4P207 [46,51,53]. Like Na20.2SiO2 with 1-4 
moll P2059 the amount of phosphorus with a chemical shift of 
1.5 PPM increases at the expense of that with a chemical shift 
-190- 
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of -13 PPM as the phosphorus content increases. The 
anisotropy associated with phosphorus in K3P04 is very small 
but comparatively large, I& aI - 125 PPM, in K4P207 consistent 
with other workers [46,51,53]. The chemical shift, FWHM and 
relative amounts of the different phosphorus units are 
presented in Table (6.4). 
6.2.4 DISCUSSION 
For a simple binary system R20: SiO2 of ratio of 1: 2, the 
major species present in the sample is the Q3 unit [40-45]. 
However Q2 and Q4 species also form in the alkali disilicate 
compositional range (see Chapter 4). The situation is 
somewhat different on addition of P205, even 1.0 mol%, to the 
R20.2SiO2 (R=Li3Na, K) glass system. A more prominent Q4 
resonance is observed along with a Q3 resonance and the former 
increases at the expense of the latter due to increase of P205 
in all the alkaliphosphosilicates. 
As predicted in section (6.2.1 - . 3) that P205 reacts 
with alkali metal ion and forms Li3PO4 in lithium 
phosphosilicates, R3P04 and R4P207 (R=NA, K) in sodium and 
potassium phosphosilicates, some of the alkali metal ions are 
scavenged by the phosphorus from the Q3 site, reducing the 
effective concentration of alkali in the silicate matrix. In 
fact the number of oxygen per phosphorus is 2.5 in P205 but 
none of them are non-bridging oxygen [ nbo]. Therefore in 
order to form an environment like R3P04, phosphorus has to 
extract 1.5 oxygen atoms from the Q3 portion of the glass 
[16,54]. This results in three additional Q4 tetrahedra per 
phosphorus and the polymerisation of S104 units increases with 
the increase of P205, resulting in an increase in intensity of 
-193- 
the Q4 resonance. In addition to nearest neighbour and next 
nearest neighbour as the chemical shift depends upon the 
modifier content [45], the observed variation in chemical 
shift with increasing P205 content reflects the change in 
effective modifier content. The polymerisation of the Si04 
network should move the chemical shift of both the Q3 and Q4 
resonance as a function of P205 content towards the more 
shielded side, i. e. more negative. This is indeed the case, 
as seen in Tables (6.1 and 6.2). 
Comparison of the crystalline static spectra of 
L120.2Si02.1P2O5 and L12O. 2SiO2 (Figure 6.10) clearly reveals 
the presence of S104 tetrahedra in the former. Therefore it 
can be concluded that Q2 species may not be present in LSP1 
which could accelerate the disproportionation Q2 + Q4 -2Q3 
in the glass (LSP1). Alternatively by looking at the 
29Si 
spectra of heat treated 32Li2O. 63SiO2.4P205 (LSP4(a)); Figure 
6.1. c) it is clear that Q3 units convert to Q2 and Q4 as a 
result of aforesaid disproportionation. This indicates the 
presence of early nucleation of L120. Si02 (Q2) in LSP4(a) 
which could be small in amount to give the well resolved Q2 
lineshape in the base glass (Figure 6.1. a). A close 
inspection suggests that the shoulder present at -75 PPM 
could be due to Q2 species which has become prominent when the 
sample is heat treated at 475°C/6h (Figure 6.1. c). 
In the case of sodium silicates, the association of 
alkali ions with phosphorus is not so pronounced and extensive 
dimerisation occurs, in preference to the formation either of 
further P-0-R+ or Si-O-P bonds. Formation of the dimer, 
Na4P207, in addition to the monomer, Na3PO4 confirms that the 
number of Na"* ions scavenged per phosphorus in sodium 
-194- 
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Figure 6.10 A comparison of the crystalline (a) 
Lit 0.2Si02 and (b) U20.2SiO2 . 
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static spectra. 
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phosphosilicate is less in comparison to that of lithium 
phosphosilicate where only the monomer forms. Thus the rate 
of polymerisation of the Q4 unit in sodium phosphosilicate is 
comparatively less. 
The dimerisation is more evident in K20.2SiO2-P2O5 and 
this could be the reason why the Q4 in potassium 
phosphosilicate is less than the Na20.2SiO2-P205 glasses. As 
the formation of dimer and monomer throughout the composition 
range (1-8 mol%) do not follow any linear relationship (Figure 
6.7) the Q4 resonance may not be expected to grow linearly. 
This non-linear characteristic will have an effect on the 
nucleation rate and may find an industrial application where 
controlled nucleation is required. The sample NSP5 contains 
93% phosphorus as Na3PO4 and was initially phase separated. 
The concentrations of K3PO4 and K4P207 in K20.2SiO2-P205 
follow the general trend of Na20.2SiO2-P205 system. The 
change in FWHM for Q4 in the lithium disilicate glasses may 
arise from the increasing presence of phase separation in this 
particular system. Phase separation gives visible opalescence 
in the glass containing 4 mol% P205. The large negative 
shift of Q4 here (-111.4 PPM) indicates an environment close 
to that in vitreous silica, whereas in the case of sodium and 
potassium disilicates the chemical shifts are typical of Q4 
mixed with Q3. 
Heat treatment of the sodium phosphosilicate gives an 
increase of Na3PO4 and a decrease of Na4P2O7 (Figure 6.6. b). 
In order to form the monomer, (P04)3-, from the dimer, 
(p207)4- the latter has to combine with Na20 and the chemical 
reaction which could take place can be represented simply by 
Na4P2O7 + Na20 2 Na3PO4 000 (6.2) 
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The additional Na20 can only be obtained by further scavenging 
of Na+ ions from the Q3 sites which creates excess Na3PO4 and 
hence further polymerisation of Si04 tetrahedra. This could 
be the reason why the Q4/Q3 ratio increases in crystalline 
sodium phosphosilicates. This may be equally true in the case 
of potassium phosphosilicates of the composition range (1-8 
mol%) P205 as well. 
The quadrupolar interaction and chemical shift 
dispersion broaden the 23Na lineshape. Except the apparent 
change of resonance position with the increase of P205 content 
all the spectra look similar to each other. The change of 
peak position reflects an increased shielding at the site of 
sodium nucleus due to Na-P coupling. 
In the glasses the degree of polymerisation of the 
silicate matrix depends on the changing alkali: phosphorus 
ratio, which in orthophosphates is 3: 1 and in pyrophosphates 
2: 1. The ratio of alkali to network former could be 
considered as 2R20/(Si02 + 2P205) or the ratio of alkali to 
phosphorus R20/P205. In the former case the ratio is <1 for 
all the P205 concentration and thus, if R+ were uniformly 
distributed throughout the network, the association of 
phosphorus would be very much less than is observed. In the 
second case, if alkali were completely associated with the 
phosphorus, then only orthophosphate unit would be observed 
for all the alkali metals over this concentration range (1-4 
mol%) of P205 and the rate of polymerisation could be higher. 
This is the case for lithium disilicate glasses and it can 
therefore be concluded that Li+ preferentially associates with 
(P04)3- units in the glass to produce an environment like that 
in crystalline L13P04. This implies that there is little 
-197- 
interaction between these units and the silicate network, i. e. 
no Si-O-P linkages occur. This is consistent with 
thermodynamic [55] and Raman spectroscopic [20,21] data where 
(P04)3- is assumed not to share oxygens with either phosphorus 
or silicon tetrahedra. This observation of incipient L13PO4 
in the lithium silicate glasses substantiates the opinion that 
P205 functions as a nucleating agent in these materials by 
providing L13PO4 nuclei in the base glasses for the epitaxial 
growth of L12Si2O5 [13,14,18]. 
The dimerisation in sodium and potassium 
phosphosilicates deviates the path of direct nucleation, i. e. 
first some excess monomer form from the dimer and then the 
nuclei of R2Si2O5 (R=Na, K) grow epitaxially on the top of the 
monomer. This indirect process of nucleation may be the 
reason why the rate of nucleation is low in the R20.2SiO2-P205 
(R=Na, K) system provided that the early nucleation of R2O. SiO2 
does not occur during quenching from the melt. The formation 
of R20. Si02 may create another complication in the nucleation 
process. The reason for differing amounts of orthophosphate 
and pyrophosphate groups is not yet understood but may arise 
for one or more of the following causes : 
a) with increased ionic ratio, steric hindrances may 
render R3P04 units unstable with respect to R4P207; 
b) in the case of lithium disilicate glasses, the 
occurence of phase separation may provide one phase with a 
much higher alkali : phosphorus ratio than expected from the 
overall composition. 
The glasses where the disproportionation 
2Qm = Qm+l + Qm-1 000 ... (6.3) 
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does not occur, as in the case of LSP1, NSP1-NSP3, KSP1-KSP3 
and probably in LSP2, the binary model of Dupree et al. [41] 
can be applied to predict the relative amounts of the Qm 
species in the case of binary R20.2SiO2 (R=Li, Na, K) glasses. 
As the incorporation of p5+ changes the structure of the 
R20.2SiO2 system and the observed increase of Q4 resonance 
depends on the degree of association of the alkali metal ions 
with the phosphorus oxygen units, the theoretical (Q4/Q3) 
ratios can be calculated on the basis of different structural 
models: 
a) Binary glasses, XR2O. (1-X)Si02(X < 0.33): Here 2X R+ 
ions can form Q3 species and therefore the number of Q4 
resonances is (1-X-2X) = 1-3X. 
R4 
Q3 
1-3X...... 
(6.4) 
2X 
b) Ternary glasses, XR20. (1-X-Z)Si02. ZP205 : 
i) If all the phosphorus is present as orthophosphate 
ions (P04)3- and associated with R+ for charge balance, the 2Z 
phosphorus can scavenge 6Z R+ from the Q3 glass matrix. 
Therefore the number of Q3 will be reduced from 2X to (2X - 
6Z) and the number of Q4 is 
Q4 =1 -X- Z- (2X -6Z) 
=1 -3X +5Z 
Q4 1 
- 
3X + 5Z 
  - 
- 
000000... 
(6.5) 
Q3 2X - 6Z 
ii) If all the phosphorus is present as pyrophosphate 
(p207)4-, the number of R+ scavenged is two per phosphorus. 
Therefore the number of Q3 = 2X - 4Z and that of Q4 is (1-3X + 
3Z). 
-199- 
. 
Q4 1- 3X +3Z 
(6.6) 
000000S.. 
Q3 2X - 4Z 
iii) If both orthophosphate and pyrophosphate groups are 
present, with fractions m and n respectively (m+n=1), i. e. 
loom and loon determine the percentage of (P04)3- and 
(p207 )4- respectively, then 2Z (3m + 2n) alkali ions will be 
scavenged by the phosphorus in the system. Therefore the 
ratio Q4/Q3 will become 
Q4 
Q3 
1- 3X -Z [1 -2 (3m + 2n)] 
000 (6.7) 
2X - 2Z (3m + 2n) 
The above models assume that no Si-O-P bonds are formed, i. e. 
phosphorus plays no part in forming the network. 
The calculated Q4/Q3 ratios based on model (b. iii), 
using values of m and n derived from the observed 
intensities in the phosphorus spectra are compared with 
experiment in Tables (6.1 - 6.4). It can be seen that the 
agreement is good for LSP1, LSP2, NSP1-NSP3 and KSP1 - KSP3 
glasses, but for 4 moll P205 in the lithium silicates the 
experimental ratio (0.36) indicates that much less Q4 is 
present than predicted by the model. In this glass phase 
separation may be occurring to such an extent that the 
shoulder at -75 PPM, characteristic of Q2 species, appearing 
in the base glass (Figure 6.1. a) and distorting the resonance 
lineshape, making the deconvolution inaccurate. Therefore it 
may be said that the models provide a means of checking the 
other species which might occur because of phase separation. 
The models predict the generalised chemical reaction for the 
lithium and sodium phosphosilicate glasses as : 
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i) L120.2SiO2. ZP205 (Z = 1-2) : 
pL12Si2O5+ rP205 -6 rS102 + (p - 3r)Li2Si205 + 2rLi3PO4 
(6.8), i. e. if p mole of Li2Si2O5 react with r mole of P2050 
that would create the product of the right hand side. 
ii) Na20.2SiO2. Z P205 (Z = 1-6) : 
pNa2Si2O5 + rP205 -*-(6rm + 4rn)Si02 + (p - 3rm - 2rn) 
Na2Si2O5 + 2rm Na3PO4 + rn Na4P2O7 .. (6.9) 
The expression (6.9) is also valid in the case of potassium 
disilicate with low amounts of P205. The value of Z may be 
higher in this case. On the basis of the results, a schematic 
diagram of the sodium phosphosilicate glass structure can be 
drawn as shown in Figure (6.11). 
The validity of the expression (6.2) suggests that the 
models [a, b. (i) - . (iii)] can also be applied to calculate 
the ratio (Q4/Q3) for a partially crystalline material. 
However, this may not be identical to the experimental value 
because the rate of crystallisation for a particular heat 
treatment is not the same [56] for all the species. At a 
more 
particular heat treatment one species may be , vitreous with 
respect to the other resulting in the relative variation of 
FWHM, i. e. area under the respective peaks may- change. 
The results suggest that (P04)3- in lithium disilicate 
and (P04)3-, (P207)4- in sodium and potassium disilicates form 
almost instantly on addition of P205. However the 
31P studies 
of phosphorus oxynitride glasses [57] show that the 
dimerisation occurs due to polymerisation of chain phosphate, 
(P03-)n" The environment of phosphorus in alkaline earth 
silicate glasses [54] is like (P04)3-. In molybdenum- and 
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Figure 6-it A schematic structural model of sodium 
disilicate glass with 1 -<10 molt P205. The 
amorphous tetrahedral framework is after 
P. H. Gaskell, Phil. Mag., 32,211(1975). 
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vanadium- phosphate glasses, the phosphorus networks consist 
essentially of chain phosphate [491. Therefore it can be 
concluded that the environment of phosphorus is dependent upon 
the type of investigated material and no definite phosphate 
model can be predicted. None of these studies show any 
evidence of Si-O-P bond. 
6.3 THE ROLE OF LARGE AMOUNTS OF PHOSPHORUS IN THE SODIUM 
DISILICATE SYSTEM 
Phosphosilicate glasses have applications in glass-to- 
metal seal industries, particularly to metals of high thermal 
expansion [58]. But the hygroscopicity of the phosphate 
glasses makes the seals less durable to some extent. The 
structure of phosphosilicate glasses are not as clear as 
binary silicates. The aim of this section is to present the 
behaviour of Si02 and P205 in the high phosphate containing 
Na20.2SiO2-P205 system where a number of controversies exist 
[19-21,24,59]. 
It has been accepted since 1932 that the building block 
of silicate glasses consists of silicon tetrahedrally 
connected to four oxygen atoms [59]. Although the existence 
of 6-coordinated silicon in a few crystalline materials, such 
as stishovite, SiP2O7, S'50(P04)6 etc. is known [60-67], the 
presence of S106 units has not yet been observed 
experimentally in glasses. Phase diagram of S102-P205 [68] 
indicates the presence of SiP2O7 crystal when the system 
contains more than about 27 mol% P205. However the phase 
equilibrium diagram of Na20-Si02-P205 [69] suggests the 
formation of sodium silicate, sodium phosphosilicate and 
silicophosphate crystals for the Na20: Si02: P205 ratios 10: 7: 2, 
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4: 2: 1,5: 3: 1,11: 6: 3 and 14: 6: 4. These diagrams generally 
provide a rough estimate of the phases present in glass 
ceramics. However the presence of the characteristic of 
silicophosphate environment is not known in glass. 
Recent x-ray diffraction and MAS NMR investigations 
[19,24] of SiO2-P2O5 glasses found only four coordinated 
silicon although SiP2O7 was produced by devitrification. 
Raman studies [20] of Na20-SiO2P2O5 glasses were interpreted 
as indicating the presence of a structural unit containing Si- 
0-P bonding but otherwise unidentifiable. Here MAS NMR 
spectroscopy is applied to the system Na20.2SiO2: ZP205 (Z=11- 
70 mol%) and the first observation of Si06 units in the 
glasses is reported. The coordinations of P5+9 A13+ (obtained 
from the crucible) are also determined. An attempt is also 
made to obtain information about the Na+ environment via 
23Na 
NMR. 
6.3.1 29Si NMR 
The 29Si spectra in the sodium phosphosilicate glasses 
(NSP5 - NSP12) are shown in Figure 6.12. The spectral 
properties of the base glasses obtained from the 
29Si 
resonance with differing phosphorus contents are illustrated 
in Table (6.5). There are no spinning side bands associated 
with the isotropic lines of NSP6 - NSP12 glass spectra. The 
change of 
29Si 
environment due to addition of P205 is evident 
from the line shapes. 
Addition of 3 mold P205 to the 8 mol% P205 containing 
Na20.2SiO2 sample (NSP5) abruptly changes the 29Si 
environment. This is obvious from a single resonance at -99 
PPM (Figure 6.12. a. 2) in NSP6 instead of two partially 
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Figure 6.12 29Si spectra of sodium disilicate base 
glasses with (a) 8- 25 molt P205 and 
(b) 25 - 57 mo1X P205. 
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overlapped peaks at -93 and -108 PPM in NSP5 (Figure 
6.12. a. 1). The chemical shift values become more negative 
with the successive addition of P205, e. g. -103 PPM in NSP7 
( 16 mol% P205) and -107 PPM in NSP8 ( 20 mol% P205). The 
29Si resonance in NSP9 (25 mol% P205) is at -109 PPM, 
characteristic of pure Q4 as in vitreous S102 [45] undiluted 
by other species. However the MAS spectra obtained from the 
glasses of > 25 moll P205 content are most unusual. When 
further additions of P205 are made (NSP10-NSP12) an additional 
resonance appears in the silicon spectrum at -213 PPM. The 
intensity of the peak, relative to that of Q4, increases with 
increasing P205 content. The position of the peak at -213 PPM 
remains almost constant throughout the differing P205 
concentrations but the peak of "Q4" silicon resonance shifts 
from that observed in the 25 mol% P205 (NSP9) material. It is 
now found at -116.5 ( 38%), -118.4 ( 47%), or -119.9 ( 57%)t 
P205. Several authors [24,62,63] have reported the chemical 
shifts for 
29Si 
when 6-coordinated, as in cubic SiP2O7 ( -214 
PPM) and Si50(PO4)6 ( -217 PPM). The peak at -213 PPM is 
very close to the data of ref. [63] (-213.2, -215.5 PPM). 
Therefore it can be said that this environment of silicon is 
very similar to a local order of the silicophosphate, SiP2O71 
i. e. Si in Si06 octahedra. The chemical shift range -99 to - 
121 PPM lies within the range of S104 tetrahedra [45] and so 
these peaks are characteristic of silicon in tetrahedral 
coordination. 
-207- 
6.3.2 31 p NNg 
MAS NMR spectra for 31P in the sodium disilicate glasses 
containing varying amounts of P205 (NSP5-NSP13) are shown in 
Figure 6.13. The range of the chemical shifts lies within 
+16.0 to -41.0 PPM depending on the concentrations of P205 
which covers a variety of phosphorus species [49,50,63]. All 
the isotropic lines are accompanied by spinning sidebands. 
Like 29Si resonances in the glasses, the phosphorus sites also 
vary with P205 content. The 
31P spectral parameters are 
collected in Table (6.6). 
There are two distinct phosphorus sites, one is like 
pyrophosphate ( +2.5 PPM) and the other one is like 
orthophosphate ( +15 PPM) in the sodium disilicate with up to 
8 mol% P205. The phosphorus environment changes suddenly from 
its two sites to one and resonates at -12.0 PPM when the P205 
concentration is 11 mold. The phosphorus site appears to be 
more shielded with the increase of P205 and resonates at -16 
PPM, characteristic of chain phosphate, (NaP03)n, due to 
addition of 25 mol% P205. Two distinct but partially 
overlapped lines at -22.9 and -32.7 PPM are found for the 38 
moll P205 containing sample. The chemical shift for 
phosphorus in metaphosphate falls within -15 to -27 PPM 
[49,50] and the former (-22.9 PPM) appears to be like 
(NaPO3)n. As the 29Si resonance shows an environment like 
SiP2O70 the other 
31P resonance (-32.7 PPM) can be thought of 
as from an environment like SiP2O7. This peak shifts towards 
the more negative value with the increase of P205 and finally 
appears at -40.5 PPM for the 70 mol% P205 containing sample 
(NSP13). This change indicates that the peak position 
-208- 
(a) (b) 
I0 (meta) 
Nag0.2SiO2+ P205 
NSP9 25.0 
1. 
NSP13 
Io (meta) 
ý-SiP207 
70.0 mo1°ö* 
A 
iºýý, ý 
57.21 mo1% 
NSP8 
NSP7 
1^ý''ý 
19.69 mo1% 
07 mo1% 
NSP12 
46.79 mo1% 
NSP11 
38.12 mo1% 
NSP10 
NSP6 
NSP5 
11.04 mo1? 
-Io (ortho) 
Jo (pyro) 
7.92 mo1% NSP9 
25.02 mo1% 
I- I11I 
goo 0 PPM -100 -200 too 0 PPM -ta-20 
Figure 6.13 31P spectra of sodium disilicate base 
glasses with (a) 8-25 molt P2 05 and (b) 25- 
70 mol% P205. The Isotropic(I0) lines are 
characteristic of respective environments. 
The other peaks are spinning sidebands. 
* Nominal composition. 
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approaches the reported 
31P resonance (-46.4, -47.7, -50.2 and 
-53.7 PPM) in crystalline SiP2O7 [63]. The peak due to 
(NaPO3)n becomes invisible with the increase of P205, i. e. 
decrease of Na20 content in the material. The isotropic lines 
are very broad (-17 PPM) compared to their crystalline form, 
7.0 PPM for (NaPO3)n and 8.0 PPM for SiP2O7, in the high P205 
glasses. The range of the chemical shift anistropy, laai, which 
determines the symmetry of the electron distribution around 
the investigated nuclei, i. e. 
31P, has also been determined 
using the method of Herzfield and Berger [48]. The values 
appear to increase with P205 content but the rate of increase 
is not linear. 
6.3.3 23Na NMR 
Although the 23Na spectra in the glasses as shown in 
Figure (6.14) are not very informative a little insight can be 
obtained about the sodium environment in the material. The 
most interesting feature of the spectra is the fluctuation of 
Na+ environment when the silicon switches to S16+ from its 
original tetrahedral coordination (S14+). The plot of peak 
position and FWHM as a function of P205 content (Figure 6.21) 
clearly shows the discontinuity between 25.0 and 38.1 mol% 
P205 when the S106 units start to build up. The peak position 
changes almost linearly from +0.7 to -17.5 PPM for the P205 
concentration of 0 to 25 mol%. Following a discontinuity, the 
23Na environment starts to become more shielded with the 
increase of P205. Low phosphorus containing spectra are 
relatively wider than the high phosphorus containing spectra 
and all the spectral parameters are shown in Table (6.6). 
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Figure 6.14 23Na spectra of sodium disilicate base 
glasses with varying amounts of P205- 
* Nominal composition. 
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TABLE NO. 6.6 
31P, 23Na 
AND 
27A1 
SPECTRAL PROPERTIES OF SODIUM 
PHOSPHOSILICATE GLASSES 
Spectral parameters (PPM) + 0.5 
Sample 31p(a) 23Na(b) 27A1(c) 
CS FWHM peak position FWHM peak position FWM4 
NSP5 +14.9 4.5 -9.8 31.6 - - 
+2.4 6.0 - - - - 
NSP6 -12.0 16.3 -11.2 30.2 +49.2 24.0 
NSP7 -12.4 16.3 -13.9 30.0 +45.0 24.4 
NSP8 -13.8 16.4 -16.3 31.4 +44.5 22.0 
- - - - -14.6 16.3 
NSP9 -16.0 16.5 -17.5 32.0 +42.5 21.2 
- - - - -14.4 16.0 
NSP10 -22.9 16.0 -14.5 27.2 -17.5 12.4 
-32.7 16.6 - - - - 
NSPI1" -36.5 17.0 -16.8 26.0 -18.5 12.4 
- - +8.0 - - - 
NSP12 -39.5 17.0 -17.7 26.0 -19.0 12.2 
NSP13 -40.0 16.9 -18.3 26.3 -19.3 12.4 
(a) CS -0 for 85% H3P04. 
(b) peak position =0 for 0.1 mol Nacl. 
(c) peak position =0 for 0.1 mol A1(N03)3. 
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6.3.4 27A1 NMR 
Figure (6.15) shows the 27A1 spectra of the A13+ 
impurity in the glasses (NSP6-NSP13). The spectra are 
generally broad because of the quadrupolar electric field 
gradient. The A13+ environment depends upon the amounts of 
P205 added to the system. The peak position between +41 to 
+52 PPM are roughly within the tetrahedral coordination of 
A13+ and those between -10 to -17 PPM are approximately within 
the octahedral coordination. The A13+ coordination changes 
from tetrahedral to octahedral between 20-35 mold P205. The 
FWHM for the tetrahedral peak changes with the P205 
concentrations but that for octahedra remains constant. The 
spectral properties are summarised in Table (6.6). 
As the 27A1 NMR can be considered to quantify the A13+ 
[70-75], the quantity of A13+ is also estimated from the 
27A1 
signal. a -A1203 is considered as a standard by assuming that 
the electric field gradient at the site of A13+ in a-A1203 is 
similar to that of the A13+ in the investigated sample. The 
results are consistent with the atomic absorption and EDX 
analysis. 
6.3.5 EFFECT OF DEVITRIFICATION 
6.3.5.1 NMR 
Figures 6.16 - 6.19 show the 
29S1,31P, 27A1 and 
23Na 
MAS NMR spectra of different heat treated glasses. The 
spectra for the base glasses are also shown in the figures to 
allow comparison of the change of different heat treatments. 
The 29Si spectra (Figure 6.16. a) for the gradual heat 
treatment of NSP9 (25 moll P205) show the destruction of local 
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Figure 6.15 27A1 spectra of sodium phosphosilicate 
glasses. (a) 11 to 25 molx P205 and (b) 25 
to 70 mo1X P2 05 . 
* Nominal composition. 
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order of the 
29Si in Si04 tetrahedra. Line asymmetry towards 
the low field shift followed by partially overlapped resonance 
covering a range -92 to -104 PPM and a sharp peak at -109 PPM 
after heat treatment at 725°C/12h are observed. However, the 
heat treatment effect for the samples containing [S'06] 
octahedra is rather different. The chemical shifts for both 
the [S104] and [Si06] units remain unchanged with heat 
treatment. For NSP10 (- 38 mol% P205), the ratio 
[Si06]/[Si04] does not change for heat treatment 9-720h 
(Figure 6.16. b) but that for other samples (NSP11, NSP12) does 
and is evident from the Figure 6.16. c and 6.16. d. For a 
particular heat treatment time and temperature the rate of 
conversion from [S104] to [S106] depends upon the amount of 
phosphorus added to the system. A spectrum showing the 
conversion of all the silicons in S104 tetrahredra to S106 
octahedra is shown in Figure (6.16. d. 3). 
The 31P in NSP9 heat treated at 725°C/12h resonates at 
+5.0, -5.9, -12.6 and -29.4 PPM (Figure 6.17. a). The creation 
of these various local orders of phosphorus reflects a major 
change of structure because of devitrification. The peaks at 
+5.0 and -5.9 PPM could be due to structurally non-equivalent 
P04 tetrahedra in Na5P3O10 [76] and the peak at -29.4 PPM is a 
characteristic of phosphorus in A1P04 [77]. The other peak at 
-12.6 PPM is close to -15 PPM and may be thought of as an 
environment like chain phosphate, (NaP03)n. The 
31P local 
order does not change in NSP10 whatever the heat treatment 
condition is (Figure 6.17. b). However in NSP11, the two 
resonances, one is a characteristic of (NaP03)n (-23 PPM) and 
the other one may, like SiP2O7 (-36 PPM), appear to become 
more prominent with heat treatment (Figure 6.17. c). But in 
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Figure 6.16 29 Si spectra of heat treated high P2 O5 (>, 25 
mol%) containing sodium disilicate glasses. 
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NSP12 such an effect is not observed. The 
31P resonance in 
crystalline NSP12, where all the silicons are present as 
[S106] octahedra is a broader peak (24 PPM) in comparison to 
glass (17 PPM) which can encompass metaphosphate and all the 
three polymorphs of SiP2O7. A close inspection of the spectra 
reveal four small features (-26.4, -30.1, -34.3, -39.0 PPM). 
These correspond to NaPO3 (-26.4 PPM) and three polymorphs of 
SiP207 (-30.1, -34.3, -39.0 PPM). However the reported 
31p 
shifts [63] for different polymorphs are not very close to the 
observed shifts. The spinning sidebands also reveal the 
presence of more than one site in the spectrum but the 
determination of exact number is difficult. 
The 23Na spectra (Figure 6.18) are rather featureless 
and little information has been obtained. The shape of the 
spectra in glass and heat treated NSP10-NSP12 remains almost 
the same. The small peak at +4.8 PPM in some of the spectra 
is an artefact. A change in peak position and shoulders in 
NSP9 heat treated at 725°C/12h are observed. The shoulders 
could represent either a quadrupolar effect or three different 
sodium environments as observed in the sample by 
31P NMR 
(Figure 6.17. a). A small change in FWHM is noticed with heat 
treatment in all the glasses. 
The change of 27A1 environment with heat treatment is 
also clear in the glasses (Figure 6.19). The peak position 
varies between 0.0 to +4 PPM depending on the degree of 
devitrification, provided that the next nearest neighbour 
remains the same. In NSP9 glass the 
27A1 resonances show both 
octahedral (-19.0 PPM) and tetrahedral (+42.5 PPM) A13+. When 
the sample is devitrified at 725°C/12h, the nearest neighbour 
and next nearest neighbours remain the same but the resonances 
-218- 
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Figure 6.18 23Na spectra of heat treated (a) Na20.2Si0t. 
25P2 05 (NSP9), (b) Na20.2SiO2 . 38.1P2 05 (NSP10), (c) Nat 0.2SiO2 . 46.8P2 05 (NSP11) and (d) Na20. 2Si02.57.3P205(NSP12) glasses. 
-219- 
725 °C/720h/ j 
are observed at -21.4 and -38.7 PPM respectively. The former 
corresponds to octahedral A13+ with phosphorus as next nearest 
neighbour and the latter is a characteristic of A1P04 low- 
tridymite [77] (Figure 4.19. a). The FWHM of the former 
remains the same in glass and in crystalline material but for 
the latter it decreases considerably (by a factor of 5). 
Comparison of the glass and heat treated 27A1 spectra of NSP10 
(- 38 mol% P205) clearly reveal no change of peak position (- 
17.5 + 0.5 PPM in glass and -17.6 +0.5 PPM in heat treated at 
675°C/72h) and FWHM (12.0 +0.5 and 12.2 + 0.5 PPM 
respectively) in the materials (Figure 4.19. b). The sample 
did not crystallise despite various heat treatments ranging 
from 575 - 875°C for different time periods, even a month. 
However the sample containing - 47 mol% P205 (NSP11) 
crystallises and two peaks at -9.4 and -15.8 PPM, both 
characteristic of A13+, are observed (Figure 4.19. c). Such a 
splitting of the octahedral resonance in NSP12 (- 57 mol% 
P205) due to heat treatment has not been observed and only one 
resonance (-19.3 in glass and -17.5 PPM in crystal) in both 
the glass and crystalline material is found. The crystalline 
spectrum is about 3 PPM narrower than the glass spectrum. 
The spectral properties obtained from 29Si, 31P, 27A1 
and 
23Na for the heat treated NSP9 - NSP12 glasses are 
presented in Table 6.7. 
6.3.5.2 XRD 
The sample NSP9 heat treated at 525°C/12h contains 
crystals of S102, NaPO3 and an amorphous component (- 30%) 
[78]. The other two devitrified products of NSP9-(Table 6.7) 
are almost fully crystallised 0 90%) and show only the S102 
-220- 
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and NaPO3 crystalline phases. The XRD patterns of the sample 
NSP10 heat treated at various temperatures show amorphous 
haloes. However the diffraction pattern of NSP11 and NSP12 
devitrified at different temperatures are surprisingly 
different (Figure 6.20) although NMR results show similar 
species in the glasses. In the case of NSP11 the phases 
SiP207,3SiO2.2P205 appear to grow whereas for NSP12 only the 
SiP2O7 phase is observed for all the heat treatments (Figure 
6.20). 
6.3.6 DISCUSSION 
It is well known in a binary alkali silicate that the 
increase of alkali metal ion in the principal network forming 
oxide S104 tetrahedra changes the framework, i. e. the 
structure re-shapes with the number of net extra positive 
charge is created in the system [40-45]. In addition to Si 
4+ 
both p5+ and A13+ are known to be network formers [1] and the 
incorporation of either of them in the binary system must 
introduce a charge imbalance within the structure. The amount 
of A1203 remains almost constant (1-3 moll) and so the ability 
of A13+ to cause a major structural change mayteassumed to be 
the same throughout the compositional range. The ratio 
Na20: SiO2 = 0.5 for all the glasses but (Na2O: SiO2) : P205 is 
the variable in the system. The p5+ is the most 
electronegative (en) among the network formers (Pen = 2.1, 
Sien = 1.8 and Alen = 1.5) and it should therefore create an 
enormous change in the structure. The object of this work is 
to observe this effect in the Na20.2SiO2GZP2O5 system. 
It has been shown in Section (6.2) that the addition of 
small amounts (1-8 moll) of P205 to the sodium disilicate 
-223- 
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Figure 6.20 X-ray diffraction patterns of heat treated 
sodium disilicate glasses with (a) 46.78 mol% 
and (b) 57.26 mol: P2 05 . 
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glasses results in the scavenging of modifier cations by 
phosphorus to give orthophosphate Na3PO4 and pyrophosphate 
Na4P207, accompanied by polymerisation of the silicate 
network, i. e. elimination of non-bridging oxygen and 
conversion of Q3 Si(0Si)3O-Na+ to Q4 Si(OSi)4 silicons. The 
formation of Na3PO4 and Na4P207 is not linear with P205 
content (Figure 6.6). It appears that about 75% of the 
phosphorus forms Na3PO4 for 8 mol% P205. The sample NSP5 
contains about 70% Q4 species and the rest is Q3 units. 
Following this trend it is expected that in the vicinity of 10 
mol% P205 all the silicons may appear as Q4 and all the 
phosphorus as Na3PO4. The monomer Na3PO4 may therefore occupy 
the holes in the three dimensional network of S104 tetrahedra 
as an isolated unit. The phosphorus thus appears to play no 
part in the glass network up to 10 mol% P205. A further 
addition of P205 to such a system would cause a charge 
imbalance and could disrupt the network which might be the 
case for NSP6 ( -11 mol% P205). 
The 29Si chemical shift in NSP6 is -99.0 PPM which is 
intermediate between Q3 Si(0Si)30-Na+ and Q4 Si(OSi)4 
silicons. The chemical shift for the former in the disilicate 
compositional range is -89.5 PPM and that for the pure Q4 is 
-109.0 PPM [41]. The association of P5+ with either Q3 or Q4 
shifts the resonance position towards more negative values 
because of the increased electronegativity [54,79]. Therefore 
the shift at -99.0 PPM could be due to formation of Si-O-P 
bonds between phosphate and Q3 species. In order to clarify 
this the help from 
31P spectra is essential. 
The arrangements of P043- and P03- are complementary 
and a switch from one system to another is possible [49]. 
-225- 
Therefore addition of an extra 3 moll P205 to the NSP5 glass, 
where most of the P5+ local order is like [P043- 3Na+] could 
result in an environment like [PO3-Na+]n in NSP6 glass, where 
n represents the number of units in the chain. There are 
three Na+ metal ions per phosphorus in the monomer PO43- but 
there is only one in the chain P03-. Therefore these excess 
Na+ ions must interact with the Si-O-Si bond in Si(OSi)4. As 
the metal oxide plays an important role in the sodium silicate 
glass structure [41], the excess Na20 in combination with S104 
tetrahedra could form Q3 [Si(OSi)3O-Na+] bonded to [PO3-Na+]. 
The chemical reaction which might be responsible can be 
represented by two steps as : 
2Na3PO4 + P205 + Si02 ý 4NaPO3 + Na20 + Si02 ... 
(6.10) 
2Na3PO4 + P205 + 2SiO2 -)- 4NaPO3. (Na2O. 2SiO2) ... (6.11) 
The possible formation of Si-O-P bonds between NaPO3 and Q3 
according to (6.11) can be shown as : 
000 
ii ii 1 
-0-P-0-P-0- Si -0- 1- 
0 Na+ Ö-Na+ 
The 31P chemical shift mainly depends upon the value of n 
[49,501 and on the next nearest neighbour. If the reaction 
(6.11) occurs then the value of n is less than for 16 mol% 
P205 containing sample and the association of the phosphorus 
with the silicon via oxygen could result in low shielding at 
the site of 
31P 
nucleus. Thus the 31P resonance (-12.0 PPM) 
in NSP6 is lower than the reported chemical shifts (-15 to -27 
ppa) for metaphosphate. This also explains the cause of 
higher 29S1 chemical shift (-99 PPM) in NSP6 sample, i. e. 
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higher shielding due to phosphorus as the next nearest 
neighbour of silicon shifts the peak position to a more 
negative value. 
The increase of P205 polymerises the metaphosphate unit 
PO3- in the glass structure [49]. This leads to extraction of 
0-Na+ from the Q3 portion of the glass and thus some Q4 may 
appear. The resultant glass structure is therefore a 
combination of PO3-Na+, Si(0Si)30-Na+ and Si(OSi)4 units. The 
chain P-0-P affects both the 
31P and 29Si resonances, i. e. the 
peak positions for them would be more negative. This is a 
possibility for NSP7 and NSP8 because 
31P resonates at -12.4 
and -13.8 PPM and 
29Si resonates at -102.7 and -106.8 PPM 
respectively. The 
29Si 
chemical shift in NSP8 is very close 
to the Si(OSi)4 unit and is indicative of the presence of 
more Q4 species than in NSP7. Both the 
29Si and 31P chemical 
shifts are also an indicative of the polymerisation of 
[NaPO3]n and Si(OSi)4 species which increase with the increase 
of P205. The chemical shifts -102.7 and -106.8 PPM do not 
suggest the formation of Na+P03--Si(OSi)4 bond at these 
concentrations (11-20 moll) of P205 because that would give a 
chemical shift of at least <-112.0 PPM. Thus a possible model 
for the glass structure at this range of P205 can be shown as 
o000 
-0- 
IP 
-0- 
IP 
-0- Si -0- 
3i 
-0- ÖNa+ ÖNa+ ÖNa+ 0 
1 
In the 29Si spectra for NSP7 and NSP8 no separate peaks 
corresponding to Si(OSi)3O-Na+ and Si(OSi)4 are observed. The 
-227- 
Na+PO3--Si(OSi)3O-Na+ bond shifts the 29Si resonance towards 
the more negative value and Na+O(OSi)3Si - Si(OSi)4 provides a 
less negative shift for the 
29Si in Si(OSi)4 environment. 
Therefore the shifts become very close to each other and hence 
only one peak corresponding to two different local orders of 
the 29Si is observed. The amounts or the peak position for 
them can only be obtained by fitting uncertain number of 
gaussians to the spectra. However interesting information 
about the formation of Q3 bonded to phosphorus can be obtained 
from the linewidth (FWHM) of the spectra (Table 6.5). The 
FWHM for the 29Si in NSP6 and NSP7 is 18 PPM but that in NSP8 
is 21 PPM which are greater than the normal linewidths for Q3 
and Q4 (- 11 PPM for Q3 and 12-14 PPM for Q4) [41,45]. 
Formation of the Si-O-P bond increases the 29Si linewidth 
[15] and this is the cause of wider linewidths in NSP6 and 
NSP7, i. e. 18 PPM instead of 11 PPM. The increased linewidth 
(21 PPM) in NSP8 must reflect the fact that there is another 
species present. In other words Q3 and Q4 tend to resonate 
according to their own local environment and hence yield a 
wider lineshape. The same linewidth but a more negative 
shift, i. e. more shield 
29Si 
environment, in NSP7 in 
comparison to NSP6 indicates that there may be little Q4 
present in the former material. But in NSP8 there is a lot 
more Q4 resonance. Further evidence can be put forward for 
the diminishing of Q3 and the increasing of Q4 by the Na: P 
ratio. The analysed compositional ratios (Na/P) in NSP6 - 
NSP8 are 2.45,1.60 and 1.24 (+0.04) respectively but that in 
metaphosphate is 1.0. This indicates that a lot more Na+ 
metal ion in the relatively low phosphate containing samples 
than the high phosphate containing ones is available to form 
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Q3 species which decreases with increasing P205 content, i. e. 
more and more Q4 units form at the expense of Q3-P as the 
amounts of P205 are increased in the system. 
The chemical shift anisotropy, QI, associated with the 
phosphorus in (NaP03)n is about 220 PPM [50,51] but the 
observedlAalfor phosphorus in NSP6-NSP8 is 168 PPM. The 
formation of Si-O-P could change the average shielding around 
the phosphorus in (NaP03)n and this may be the cause of the 
lower I Aa I value. The absence of spinning sidebands in the 
29Si spectra represent the small anisotropy around the 
29Si 
nucleus in Q3 [Si(0Si)30- Na+] bonded to (NaP03)n. This 
situation is rather complicated because the powder pattern for 
pure Q3 is near axially symmetric with c, = -48+5, ayy= 
-55+3, azz = -162+5 PPM [80] and the spinning spectrum for 
rotational frequency 3 kHz (< static linewidth) provides 
spinning sidebands. 
Addition of more P205 to the system continues the 
scavenging of Na+ ions from the -Si-O-Na+ matrix and grows 
more S104 tetrahedra in the system. Ultimately all the 
phosphorus and silicons become characteristic of 
metaphosphate and Q4 species respectively. This is a 
possibility for NSP9 ( -25 mol% P205) where the 
29Si 
resonates at -109 PPM, characteristic of pure Q4 species, and 
the 3'P resonates at -16.0 PPM which is characteristic of 
metaphosphate (NaP03)n. Thus the chemical reaction which 
appears to be taking place within the NSP9 glass structure can 
be written as 
NaP03 + Na20.2SiO2 + P205 +3SiO2--3NaPO3 + S102 000 
(6.12) 
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The metaphosphate species may appear either as a ring or a 
chain but definite prediction is not possible at this stage. 
However chemical shifts of the two species suggest that there 
is no Si-O-P bond at this level of P205 (- 25 mold). Thus 
isolated arrangements of the phosphate group and S104 
tetrahedra suggest the enhancement of phase separation and 
indeed sporadic nucleation, observable to the naked eye, was 
observed during quenching from the melt. The FWHM for the 
29Si is in this case reduced from 21 PPM (for 19.7 moll P205) 
to 14 PPM which is also a characteristic of a pure Q4 
resonance. The compositional ratio Na/P in NSP9 is 0.91 + 
0.03 and is very close to metaphosphates (Na/P) a 1.0. This 
ensures the scavenging of all the sodium in NSP9 from the 
silicate matrix of the glass and hence the 
29Si isotropic line 
shape is found corresponding to Si(OSi)4 environment without 
being accompanied by spinning sidebands. 
The Na Si ratio is constant throughout the 
compositional range but their ratio to phosphorus decreases 
with increasing P205 content. Therefore the number of 
metaphosphate units decreases with the increase of P205, i. e. 
excess p5+ becomes available (for > 25 moll P205) to share its 
additional charge. In order to balance this charge the P04 
tetrahedra have to extract non-bridging oxygens(nbo) from 
somewhere in the system. There may not be any nbo left in the 
silicate portion and those can only be found at the phosphorus 
site. The mean <P-0> distance in metaphosphate is 1.53 
Ä [81] 
but that for <Si-0> in Si04 tetrahedra is 1.62 Ä [64]. The 
Pauling bond strength [82] for a P-0 bond is 1.25 and that for 
Si-0 in tetrahedral arrangement is 1.0. The difference in 
ionic radius between P and Si (0.02 A) is less than the [<Si- 
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O> - <P-0>] distance. This evidence make the P-0 bond much 
stronger than the Si-0 bond. Therefore excess p5+ could 
dissociate Si-O-Si bonds to neutralize the extra positive 
charge. If this is the case then p5+ could occupy the 
silicons position and once again form Si-O-P bonds between 
S104 and P04 tetrahedra, that is the 
29Si chemical shift must 
be <-112 PPM due to increased shielding created by phosphorus 
at the site of Si in Si(OSi)4. The dramatic change of 
chemical shift from -109 (NSP9) to -116.6 PPM (NSP10) 
therefore infers the formation of this new (OSi)4SiPO4 bond. 
However the unusual peak at -212.6 PPM along with -116.6 PPM 
(Figure 6.12. b) suggests further modification within the 
structure. 
The tetrahedron P04 is more close packed than S104. 
Therefore the degree of condensation of the S104 network 
decreases due to incorporation of p5+ into the S104 matrix. 
In other words the freedom of a tetrahedron increases relative 
to its neighbours. This freedom to expand the Si-0 bond 
length in addition to the extra positive charge of p5+ 
introduces some instability which helps to form [S106] 
octahedra where the <Si-0> distance is 1.72 A [64]. Thus the 
resonance at -212.6 PPM characteristic of the Si-O-P bond in 
"SiP207" occurs. The metaphosphate environment remains intact 
at this level of P205 ( 38 mol%). 
Further addition of P205 polymerises the (OSi)4Si-PO4 
environment and also increases the number of SiP2O7 species. 
As the polymerisation increases the shielding, the 29Si 
chemical shifts corresponding to the former environment are - 
118.4, -119.9 PPM in NSP11 and NSP12 respectively. The 
shifts for SiP2O7 like environment are -213.1, -212.8 
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PPM respectively, i. e. the same within the experimental 
error. 
0 
The <P-O> bond distance in P04 tetrahedra is 1.60 A 
[35,36] but that in SiP2O7 is 1.52 Ä [61]. Therefore the 
phosphorus in the S1P2O7 like environment has greater ability 
to attract oxygen than the other phosphorus environments. 
Thus the unit like SiP207 grows at a faster rate with the 
increase of P205 content and forms at the expense of the 
(OSi)4Si-PO4 environment. 
The diminishing tendency of the metaphosphate resonance 
is evident from the 
31P resonance (Figure 6.13. b). In the 
31p 
spectrum for NSP10, the peak at -22.9 PPM corresponding to 
metaphosphate is clear but that in NSP11 is faint. 
Identification of metaphosphate in NSP12 and NSP13 is not 
possible from the peak position unless a gaussian is fitted 
to the spectra. The amounts of NaPO3 are so low in these two 
materials that the respective peak is possibly merged within 
the broad peak at -40 PPM. 
There can be six crystallographically distinct sites of 
silicon in SiP2O7 [61]. If these glasses (NSP10-NSP12) 
contain structural units similar to those in SiP2O7, thus the 
29Si resonance of [S106] might be expected to be multiple or 
broadened. This is not so - the resonance in fact being 
relatively narrow (9 PPM) compared with vitreous silica (12-14 
PPM) or the Q4 units in these glasses (16 PPM). This 
indicates that the range of distribution of [S106] octahedra 
in these glasses is smaller than in the crystalline material 
(linewidth is 12.4 PPM). 
The anisotropy associated with phosphorus in SiP2O7 is 
80 PPM but that in NaPO3 is 220 PPM [50,63]. The calculation 
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of anisotropy from the spectra (Figure 6.13) for the 
individual species is complicated because of poorly resolved 
peaks. Despite this complication an estimate of 215 + 10 
PPM can be made either by using the method of Herzfeld and 
Berger [48] or from the static spectra. This also indicates 
the presence of the 
31P local order like NaPO3 in the glasses 
NSP11-NSP13. The reported chemical shift range for 31P in 
SiP207 in -46 to -54 PPM [63]. However, the maximum 31P shift 
observed in these materials is -40 PPM. This suggests that 
the resonance due to relatively low NaPO3 environment is 
merged within the SiP2O7 peak and the resultant effect is the 
shifting of peak position towards low field as the relative 
amount of NaPO3 increases. 
The change of environment with phosphorus content in 
most of the steps for all the nuclei is evident from the 
Figure (6.21). The chemical shift as well as the line width 
changes with the P205 concentration due to formation of 
different species. The most alteration of environments occurs 
when S14+ switches to S16+. The discontinuity between 25 and 
38 mol% P205 reflects that the shielding around Na+ changes 
following the change of P5+ environment. The wide 23Na 
linewidth (26-31 PPM) is mainly caused by chemical shift 
dispersion. 
The change of environment of the A13+ impurity ion is 
evident from the Figure (6.19) with increasing P205 content. 
In NSP6 glass ( 11 mol% P205) only one peak at +49 PPM is 
found. The position of this peak moves towards high field 
with the successive addition of P205, e. g. +45 PPM in NSP7 
16 mol% P205), +44 PPM in NSP8 (19.7 mold P205) and +42 PPM in 
NSP9 (25 mol% P205). These peaks correspond to A13+ 
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tetrahedrally coordinated to phosphorus in A1P04 [77]. These 
peak positions also correspond to A13+ tetrahedrally 
coordinated to silicon [83]. Addition of P205 increases the 
shielding around the 
27A1 nucleus and shifts the peak position 
towards the more negative side of the PPM scale [79]. In NSP8 
and NSP9 another peak at -14 PPM is a characteristic of A13+ 
octahedrally coordinated via oxygen to phosphorus [46]. 
Further addition of phosphorus shifts the position of the peak 
more negative. This latter peak is the only one observed in 
NSP10,11,12 and 13. This implies that A13+ is substituting 
for Si4+ and shows a similar change from 4- to 6- coordination 
with increasing phosphorus content. 
The 29Si and 31P spectra of partially devitrified NSP9 
(Figure 6.16 and 6.17. a) show a major structural change. It 
appears that Na+ somehow forms Q3 species and phosphorus 
enters into the Si4+ network resulting in the broad resonance 
-92 to -104 PPM. The change of phosphorus environment from 
NaPO3 to Na5P3O10 indicates the creation of excess phosphorus 
per sodium which might be responsible for the Si-O-P bond in 
the devitrified state. This may also depolymerise the NaPO3 
chain which could give a lower 
31P 
chemical shift value (-12.6 
PPM) as observed in the case of low P205 ( 11-20 mol%) 
containing glasses. 
The effect of heat treatment in [Si06] unit containing 
glasses are completely different. As it has already been 
mentioned that phosphorus in SiP2O7 has greater affinity to 
attract oxygen, all the [S104] tetrahedra show a tendency to 
become [S106] units and eventually all the S14+ become S16+. 
This has been confirmed by a single 29Si resonance at -213 PPM 
(Figure 6.16.3). The S106 unit is more ordered than the S104 
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unit and the glasses containing higher amounts of Si06 units 
show a greater tendency to be crystallised. The sample NSP10 
contains only about 13% Si06 units and the rate of 
crystallisation is very low. For the heat treatment at 775°C 
for 720 hours, the S106 : Si04 ratio changes to 0.20 + 0.05 
from 0.15 + 0.05 (for base glass). This indicates that the 
sample NSP10 might crystallise for a long heat treatment (more 
than a month) at an appropriate temperature. Alternatively 
this ratio for NSP12 is infinity for the heat treatment 
825°C/48 hours. Comparison of the glass and crystalline FWHM 
(9.0 and 12.4 PPM respectively) clearly reveal the ordered 
state of SiP2O7 in glass. Although the metaphosphate peak is 
not clear in the glass spectra for NSP11 and NSP12, the peak 
is evident in the spectra for crystalline materials (Figure 
6.17. c and . d). 
Except in NSP9 where a major change is observed via 
29Si 
and 
31P NMR, the 23Na environment does not change abruptly 
with heat treatment. The 
23Na NMR reflects a small change of 
peak position and a slight deviation of the line shape from 
its base glass. 
The small change (0 -4 PPM) of peak position for the 
27A1 due to heat treatment indicates the change of bond angle 
and bond length for the A13+ coordination. In NSP9 
(725°C/12h) the peak at -21 PPM may be due to substitution of 
A13+ in place of Si4+ as has already been explained for glass. 
The assignment of the peak at +38.7 PPM (Figure 6.19. a) to 
A1P04 is reasonable because 
31P 
also resonates corresponding 
to A1P04 environment (Figure 6.17. a). The area of the peak is 
also consistent with the concentration of A13+ (3 mol%) in 
the material. Thus multinuclear NMR is essential to study 
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such a system. 
The line width of the tetrahedral A13+ site becomes 
narrower than the octahedral site reflecting a relatively more 
ordered state due to the same heat treatment in NSP9 (Figure 
6.19. a). The two octahedral A13+ sites in the heat treated 
NSP11 (Figure 6.19. c) may arise from the Si-O-Al (-9.4 PPM) 
and P-0-A1 (-16.0 PPM) bonds. Only the change of bond angle 
and bond length is observed in other glasses (NSP12,13). 
Formation of different phases (Figure 6.20) in different 
amounts of P205 containing samples indicate the different 
reaction mechanism during heat treatment. The minor 
crystalline phases, e. g. Na5P3O10 and A1P04 in devitrified 
NSP9 are not observed by XRD. Formation of cubic SiP2O7 in 
NSP12 due to heat treatment is consistent with Chakraborty et 
al. [19] but the other phase 3SiO2.2P205 along with SiP2O7 in 
NSP11 clearly indicate that the heat of reaction depends upon 
the concentration of P205. 
6.4 ANALYSIS OF STRUCTURAL PROPERTIES 
6.4.1 DIFFERENTIAL THERMAL ANALYSIS 
The glass transition temperature, Tg, crystallisation 
temperature, Tx, and the liquidus temperature, Tls, (or the 
softening points where Tls is not obtained), for the sodium 
phosphosilicate glasses are recorded in Table (6.8). The Tg 
and TX appear to increase for the 8 to 25 mol% P205 containing 
glasses. The sharp fall in Tg for high P205 containing 
glasses indicates a major change of glass structure. No 
crystallisation temperature is observed for NSP10, i. e. the 
rate of crystallisation is very low at this level of P205 ( 38 
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mol%) in the sodium disilicate system. However for the other 
samples (NSP11,12) the relative area under the exothermic peak 
increases with the increase of P205 (diagram is not shown) 
which is an indication that the rate of crystallisation 
increases with P205 content. 
TABLE NO. 6.8 THE GLASS TRANSITION, CRYSTALLISATION AND 
LIQUIDUS TEMPERATURE OF SODIUM PHOSPHOSILICATE 
GLASSES. 
Sample kaounts T9 (°C) TX (°C) Tls (°C) 
of +3 t2 t2 
P205 M% 
+2% MO 
NSPt 0. '91 454 683 867 
VS P2 1.85 454 721+5 342+5 
NSP3 3.98 444 718+9 925+9* 
NSP4 6.12 - - 905+20* 
NSP5 7.92 - 765 938 
NSP6 11.04 654+6 887+62 1420+7 
NSP7 16.07 661+7 978+32 1420+11 
NSP8 19.69 450+11 839+15 1041+9* 
NSP9 25.02 456 519,810 1411+10 
NSP10 38.12 373 - 958* 
NSP11 46.79 445±7 753+18 854-1014+5 
NSP12 57.26 248±6 815,953 915-1021+5 
* softening point 
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6.4.2 INFRARED SPECTROPHOTOMETRY 
Although the infrared spectroscopic study of the sodium 
phosphosilicate glasses has already been done with limited 
success [19], a careful observation in combination with 
nuclear magnetic resonance can reveal some information about 
Si-o-P, P=O, Si-O-Si bonds etc. However the presence of 
absorption bands at the same place or in the neighbourhood of 
each other often creates a problem. In this section the 
infrared absorption bands obtained from the sodium 
phosphosilicate system are assigned to different stretching 
vibrations on the basis of previous workers [19,84-85]. 
The infrared spectra of Na20.2SiO21ZP205 (Z=0-57) are 
shown in Figure (6.22). The infrared bands for the SiP2O7 
glass have been found at 1331,1100,1040,794,487 and 453 
cm-1 and those for vitreous S102 are 1180,1060,810 and 440 
cm-1 [19]. In S102 the first two bands (1180,1060 cm-1) have 
been assigned to Si-0 stretching vibrations of which 1060 cm 
is relatively strong and the last two (810,440 cm-1) have 
been attributed to O-Si-O and Si-O-Si bending motions 
respectively [84]. The infrared bands for vitreous P205 have 
been found at 1285,1150,950,780,650 and 475 cm-1 [85]. 
Using these wave numbers the bands in SiP207 glass have been 
assigned as follows [19] : 
(1) 1331 cm -1 to P=O bond, 
(ii) 1100 cm-1 to P-0 of P-O-P and Si-O-P bonds, 
(iii) 1040 cm-1 to Si-0 of Si-O-P and Si-O-Si bonds, 
(iv) 487 cm-1 to 0-P-0 bending vibration and 
(v) 453 cm-1 to Si-O-P and Si-O-Si bending vibration. 
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Figure 6.22 Infrared spectra of Na20.2SiO2. ZP205(Z= 0 
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The principal regions of absorption for orthophosphate 
and pyrophosphate are almost the same [86]. The bands 
generally appear within the region 1400-850 cm-1 for 
orthophosphate and 1350-690 cm-1 for pyrophosphate. The 
strong bands for orthophosphate occur between 1060-1000 cm-1. 
The metaphosphate bands occur in the 1315-1205 cm-1,870-850 
cm-1 and 770 cm -1 regions [86]. Therefore in a glass 
containing multiphosphate groups overlapped, unresolved and 
broad bands may often occur. 
In NSP1-NSP5 a strong band is observed around 1446 cm-1 
which may be assigned to non-bridging oxygen in the system. 
This band is not observed in the high phosphate containing 
glasses (NSP6-NSP12). In the spectra (Figure 6.22) of NSPI- 
NSP12, there is a broad absorption region in the vicinity of 
1350 cm-1 which could be due to a P=0 stretching vibration of 
the phosphate group. However a strong absorption band around 
1075 cm-1 may be due to Si-0 stretching vibration in S104 
tetrahedral environment. This band disappears in the high 
P205 containing glasses (NSP10-NSP12). The plateau like 
absorption in NSP10-NSP12 around 900 cm-1 is due to O-Si-O 
bending vibrations of S106 octahedra [87]. The other 
absorption bands between 650 and 900 cm -1 can also arise from 
[S106] units O-Si-O and Si-O-Si bending vibrations. The weak 
absorption in the region 900-950 in the glasses represents 
P-0-P link. 
6.4.3 STRUCTURAL RELAXATION AND FICTIVE TEMPERATURE 
It has already been explained that cooling through the 
transition region of a glass at a different rate changes the 
fictive temperature (Tf). Several kinetic parameters to 
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explain the glass properties have been measured using the 
correlation between the cooling rate and the fictive 
temperature [32,33]. However the structural relaxation caused 
by the cooling rate and hence the correlation with Tf has not 
yet been presented. In this section the sample NSP12 is 
chosen to show the relationship between Tf and the change of 
species. 
The 29Si spectra for NSP12 showing the change of area, 
which is a measure of the amounts of the species due to 
different cooling rates are shown in Figure (6.23). The 
different techniques of cooling, resulting fictive 
temperatures and the relative amounts of six- and four- 
coordinated silicons are recorded in Table (6.9). A plot of 
ln([Si04]/[SiO6]) versus 103/Tf show a linear relationship 
(Figure 6.24). 
6.4.4 DISCUSSION 
The Tg and Tls for the samples containing 11-18 mol% 
P205 are fairly high. As has been explained from the NMR 
data that at these levels of P205 Na+PO3- - Si(OSi)3O-Na+ 
forms, and this may be the reason of high Tg and Tls. The 
samples NSP6-NSP9 crystallise more rapidly than the high P205 
containing samples (NSP10-NSP12). For all the samples 
(Tg/Tls) < 0.55, which indicates that volume nucleation may 
occur during heat treatment [56]. However this assumption is 
not well recognised and a rough estimate can only be made 
[56]. 
Assignment of the infrared spectroscopic bands is 
consistent with NMR data. The presence of Si-O-P-bond and the 
absorption in the region 900 cm-1 in the NSP10-NSP12 indicate 
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1.2 1.4 1.6 1.8 
TABLE NO. 6.9 DATA FOR FICTIVE TEMPERATURE AND STRUCTURAL RELAXATION 
DUE TO VARIOUS COOLING RATES IN SODIUM PHOSPHOSILICATES 
Sample Na20.2SiO2.6OP2O5 
State of the sample/ Fictive temp. Si04 Si04 
cooling procedure Tf In 
°C/h +5°C OK +10 SiO 6 Si06 
+0.09 
splat cooled at 400°C 585 0.39 7+0.045 -0.93 
splat cooled at 200°C 638 0.645+0.059 -0.44 
splat cooled at 100°C 670 0.87+0.07 -0.14 
splat cooled at room 778 1.25+0.11 0.22 
temperature 
splat cooled at -10°C 813 1.54+0.14 0.43 
poured into liquid 812 1.67+0.16 0.51 
N2 
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the presence of [S106]. However other phosphate groups also 
show absorption in this region and definite prediction from 
the infrared spectra is problematic. A sharp band at 650 cm-1 
has been shown in the heat treated SiP207 glass in comparison 
to its base glass [19]. A band around 654 cm-1 is observed in 
all the high phosphate containing glasses (NSP10-NSP12) which 
has not been observed in the other glasses. This band may 
therefore correspond to [S106] octahedra. 
Structural relaxation in glasses is a complex 
phenomenon. However Ritland [30] derived an equation relating 
to fictive temperature and the cooling rate as 
d1nlq) Ahl ... ... (6.12) d (1/Tf) 
where q= cooling rate through the transition region, 
Lh = activation enthalpy and 
R= gas constant. 
In the sodium phosphosilicate system the ratio (S104/Si06) is 
proportional to the cooling rate, i. e. 
Si04 
q=k 
5106 
Therefore equation (6.12) can be written as : 
d In [Si04/Si06] 
... (6.13) d (1/Tf) 
Thus the slope of the plot ln(S104/Si06) versus 103/Tf (Figure 
6.24) gives Ah/mole = -0.23 ± 0.03 ev. Therefore the energy 
required to form one mole of [S106] unit from the parent 
[Si04] unit is 0.25 ev. The -ve sign indicates that the heat 
is absorbed during the process. 
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6.5 GENERAL DISCUSSION 
In the lithium phosphosilicate system only PO43- group 
forms but in sodium and potassium system both P043- and P2074- 
form. The rate of dimerisation appears to become negative in 
the neighbourhood of a4 mold P205. The mean <P-0> distance 
[89]. in Na4P207 is 1.544 Ä [88] but that in Na3P04 is 1.560 A 
Energetically dimerisation is more favourable than the 
formation of monomers and thus dimer form at a faster rate for 
low P205 concentrations. However the excess addition of P205 
(>, 5 moli) accelerates monomerisation at the expense of 
dimerisation. Both the orthophosphate and pyrophosphate 
occupy the holes in the glass structure. In order to 
accommodate these phosphate species the hole dimension must be 
comparable to the size of the phosphate groups. The 
pyrophosphate is almost twice as big as the orthophosphate. 
Therefore the creation of pyrophosphate may not be continued 
and this may accelerate the orthophosphate formation. The 
dimerisation is even more important in K20.2SiO2-P205 with low 
(0-4 mol%) amounts of P205. This means that monomer starts to 
grow at the expense of dinier before the critical concentration 
of P205 in the sodium system. This fact can be explained by 
the large radius of the K+ ion in comparison to the Na+, i. e. 
K4P207 is larger in volume than Na4P207. 
The models (equs. 6.5 - 6.7) predicted to describe the 
structure of low phosphate containing samples diverge for high 
P205 content. For Z=(1/3)X the ratio (Q4/Q3) in equ. 6.5 
becomes infinity, i. e. all the species may become Q4 with this 
amount of P205 when all the phosphorus appear as P043-. 
Similarly when only pyrophosphate forms, Z=ZX may give the 
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silicate portion of the glass as Q4. The situation in model 
(b-iii) (equ. 6.7) is rather complex when both P043- and P2074- 
form. In this case 2, < (3m + 2n)43, i. e. all the silicons may 
appear as Si(OSi)4 for zX ,<Z \< 
(1/3)X. Therefore the value 
of Z depends on the values of m and n. In a sodium silicate 
composition if X=0.3 and n=0, then a 10 mol% P205 containing 
sample should give all the silicons as Q4 units. This is 
indeed consistent with, within the experimental error, the 
experimentally obtained Q4/Q3 ratios. Thus the models are 
only valid to explain the glass structure for <l0 mold P205 
alkali phosphosilicate glasses provided that further 
nucleation of Q2 species does not occur. 
Formation of SiP2O7 is energetically less favourable in 
comparison to S104 tetrahedra because of the large <Si-0> bond 
distance and lower bond strength in [Si06] octahedra [64]. 
Therefore additional voids created by the comparatively 
compact P043- tetrahedra in Na3PO4, which allow the Si-0 bond 
in S104 to expand, may be responsible for the formation of 
[S106] octahedra. The similar trend in the potassium system 
suggests that [S106] octahedra may also form in the K20-SiO2- 
P205 system when proper amount of P205 is added. Although in 
the L120.2SiO2-P2O5 system the trend is dissimilar, one sample 
with 50 mol% P205 was made and [Si06] octahedra were also 
obtained with a ratio [S104]/[SiO6] similar to that in the 
sodium system. However in SiP2O7 glass such octahedral 
coordination of Si has not been observed [24] which indicates 
that the alkali metal ion plays an important role to form the 
[S106] units in the glasses. The ratio (Si02/P205) in SiP2O7 
glass is 1 but that in S106 units containing alkali 
phosphosilicate glasses is . <l. Some of the phosphorus form 
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metaphosphate, some form bonds with [S'04] tetrahedra and the 
rest form SiP2O7 like environments in alkali phosphosilicate 
glasses. Thus it can be concluded that the alkali metal ion 
plays an important role to maintain the charge neutrality by 
sharing its charge with phosphorus via oxygen. There may be a 
critical value of the alkali-metal ion : silicon : phosphorus 
proportion for which six- coordinated silicon can form in the 
glass but this is yet to be determined. 
Raman study [90] of Na20-Si02-P205-Al203 system has been 
shown to change A13+ coordination from 4 to 6 at higher A1203 
concentration (413 mol%) and p5+, A13+ do not incorporate into 
the silicate network. Whereas this study shows that the 
coordination may change at the low level even for «3 mol% 
A1203 and also incorporates into the network if the 
concentration of P205 is high enough. 
All the chain, dimer and monomer observed by Raman study 
[20] in the sodium phosphosilicate system for high P205 
concentration have not been found in this study. Monomer and 
dimer form up to 10 mol% P205 and then only metaphosphate 
forms for higher concentrations of P205 (> 10 molX). The 
metaphosphate is the most stable form of the phosphate groups 
under normal conditions because of its short <P-0> distance 
(1.53 Ä) [81]. This may be the reason why the glasses retain 
the structure of metaphosphate throughout the configuration 
once it has formed. 
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CHAPTER 7 
29Si RELAXATION IN ALKALI SILICATE AND ALKALI 
PHOSPHOSILICATE GLASS AND GLASS CERAMICS 
7.1 INTRODUCTION 
Even using high resolution NMR techniques, nuclei with 
only subtle environmental differences may not be 
distinguishable [1-18]. Measurement of spin-lattice 
relaxation time (T1) of fast relaxing nuclei, e. g. 
7Li, 23Na, 
1H etc. as a function of temperature in broad line NMR has 
been used to reveal structural detail of polymers and glasses 
[19-23]. Recently Liu et al. [24,25] have presented the 
variation of 
29Si T1 relaxation time with temperature (T) for 
650 <T< 1450°K and that of 23Na for 25 <T< 1450 °K in 
albite and alkali silicate glasses. However normally the 
glass transition temperature (Tg) and the liquidus temperature 
(Tls) of oxide glasses are within 250-1600°C and the 
measurement of relaxation time under the conditions of high 
resolution at such a high temperature is not feasible. 
The 29Si in any material should provide a single 
resonance for crystallographically equivalent sites and 
double, triple, etc. for non equivalent sites depending upon 
their number. But the degree of non-equivalency, wide range 
of FWHM etc. often creates problems [13,14] in resolving 
details within a lineshape. It is well known that in 
silicates the Qm connected to Qm_l (0 <m \< 4) or vice versa 
give different chemical shifts which depend upon the amounts 
of Qm or Qm_l, e. g. Q3 in 25Li2O. 75SiO2 has a chemical shift 
of -92.7 PPM but that in 40Li2O. 6OSiO2 is -87.0 PPM (see 
section 4.2.1). Unfortunately in glasses MAS NMR cannot 
resolve Qm connected to different numbers of Qm_1. 
In silicates the network former 'silicon' has a long 
relaxation time at room temperature, typically 10-60 minutes, 
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which discourages T1 measurements. However 
29Si T1 in liquids 
is comparatively short and has been measured for a number of 
systems [26-28]. Attention has been given recently to the 
solid state and a few studies have been performed for 
silicates and aluminosilicates [29-33] at room temperature. 
However the results are controversial to some extent [34]. 
Although some data on the 29Si spin-lattice relaxation 
in glass and crystalline alkali silicates has been given by 
Selvaray et al. [8], Schneider et al. [12] and Liu et al. 
[25], no systematic studies have been reported to date on 
these systems at room temperature. A better understanding of 
the 29Si T1 relaxation time in silicates might provide unknown 
structural detail [13,14,34], particularly in glasses. The 
results of the 
29Si 
relaxation measurements presented in this 
section are shown to be sensitive to the site asymmetry and 
provide sometimes a single and sometimes a two component 
relaxation time for Qm species. An attempt is made here to 
use 
29Si T1 measurements in alkali silicates and alkali 
phosphosilicates to obtain information about the silicate 
network. 
7.2 RELAXATION OF 29Si IN SODIUM SILICATE GLASS AND GLASS 
CERAMICS 
7.2.1 29Si RELAXATION AS A FUNCTION OF ALKALI CONTENT 
In order to observe the effect of modifier content on 
the 29Si relaxation the samples NS7-NS9 (28.6 - 20.0 mol%) 
were made with varying concentration of Na20. Semilogarithmic 
plots of intensity (recovered magnetisation) versus relaxation 
delay for the samples (NS7 - NS9) are shown in Figure 7.1 
together with NS3 (32.6 mol% Na20; 29Si relaxation data of NS3 
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has already been presented in Chapter 5). From the figure it 
is clear that two exponentials grow from the single 
exponential with the decrease of Na20 content. The rate of 
growth seems to be continuous rather than discrete with the 
change of alkali metal ion concentration. 
The T1 relaxation time of each component for the two 
exponentials is determined from the slope of the extrapolated 
straight line and from the differences between the curved 
portion and the straight line. As the signal intensity is 
proportional to the number of nuclei observed, the amounts of 
different sites can be obtained from the intersection of the 
straight lines with the Y (intensity) axis at t=0. The T1 
relaxation times and the compositions obtained from the 
relaxation data of the base glasses (NS7 - NS9) are given in 
Table (7.1). The variation of relaxation time as a function 
of Na20 content is shown in Figure (7.2). 
In any of the Qm species in glasses, spins may exist in 
a variety of different environments and the measured 
relaxation decay is a sum of contributions from all the spins. 
Therefore one might expect single relaxation behaviour if the 
spins of the nuclei remain in a single environment. According 
to Equ. (3.8) the T1 relaxation plot should be a straight line 
with slope (-1/T1) on a log scale; but the curvatures of 
Figures (7.1. c and d) clearly show at least two relaxation 
times. 
7.2.2 29Si RELAXATION AS A FUNCTION OF HEAT TREATMENT 
The effect of paramagnetic impurities in the 
29Si 
relaxation rate in sodium disilicate composition has already 
been discussed in Chapter 5. However, samples NS1, NS3 and 
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Figure 7.2 29Si relaxation time in Q3 as a function 
of Na20 content in sodium silicate base 
glasses. Solid line is for long component 
and broken line is for short component. 
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20 25 30 
TABLE NO. 7.2 
29Si RELAXATION TIMES AND COMPOSITIONS IN SODIUM DISILICATE BASE AND HEAT 
TREATED GLASSES 
Sample 
Heat 
treatment 
Level of Q3 
Mno 
Long Component Short Component 
Toc/th Relax. time Composition Relax. time Composition 
mol% (s) (%) + 6.4% (e) (%) + 6.4% 
NS1 NHT 0.0 112.0+ 10.0 - - - 
425/3 1027.0+126.0 - - - 
425/6 1235.0+163.0 - - - 
475/6 1828.0+159.0 85.5 126.3+13.5 14.5 
525/6 2113.0+250.0 75.6 161.0+15.0 24.4 
NS3 NHT 0.1 20.0+ 2.0 - - - 
425/3 102.0+ 5.7 - - - 
425/6 114.2+ 8.4 58.2 13.6+ 1.5 41.8 
425/9 1014.3+ 93.5 48.8 28.3+ 2.2 51.2 
425/12 1097.0+145.0 29.2 78.1+10.8 70.8 
475/6 135.6+ 11.5 50.5 14.4+ 2.0 49.5 
525/6 169.0+ 12.0 13.5 19.0+ 2.5 86.5 
NS4 NHT 0.2 8.1+ 0.7 - - - 
425/6 13.3+ 1.1 56.7 2.3+ 0.3 43.4 
425/9 20.0+ 3.2 58.0 3.0+ 0.3 42.0 
475/6 13.0+ 1.0 64.1 3.1+ 0.3 35.9 
525/6 22.6+ 2.0 68.2 4.2+ 0.4 31.8 
* NHT = no heat treatment (base glass) 
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NS4 used in that study were further chosen to study the 
structural change due to heat treatment. 
The semilogarithmic plots of relaxation decay for 
Na20.2SiO2.0. OMnO (NS1) as a function of heat treatment are 
shown in Figure (7.3) and those for NS3 (0.1 mol% MnO) and NS4 
(0.2 mol% MnO) are shown in Figures (7.4 and 7.5) 
respectively. In all the samples two exponentials appear to 
grow from the single exponential following the sudden rise of 
relaxation times compared to un-heat treated glass. The 
variation of relaxation time as a function of heat treatment 
for a fixed period and that as a function of time for a fixed 
temperature is shown in Figure 7.6. For undoped material this 
tendency is less marked than for the doped materials. The 
relaxation times and the compositions obtained as a function 
of heat treatment are recorded in Table (7.2). Both the long 
and short T1 relaxation times are found to be increased with 
the increase of either heat treatment temperature or heat 
treatment time. The concentration of the short component 
increases and that of long component decreases in NS1 and NS3 
but that in NS4 is reversed. 
There may be more than two T1 times but data 
manipulating problems restrict the assignment of more than two 
values of T1. The relaxation decay is not always single 
exponential in amorphous and polycrystalline materials 
[19,20] 
and this also creates a problem of interpretation of T1 in 
glasses. 
Non-homogeneous distribution of paramagnetic centres may 
influence the relaxation rate in a different way. Heat 
treatment may also cause one region to become Mn2+ rich at the 
expense of the other regions but the similarity of the results 
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RELAXATION TIME T1 (s) 
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obtained from undoped sample encourages confidence in the 
results. The results presented here would provide a way of 
quantifying the various species and may also give a method for 
detecting phase separation in glasses. 
7.3 RELAXATION OF 29Si IN LITHIUM SILICATE SYSTEM 
Figure (7.7) shows the plots of intensity versus 
relaxation delay for LS1, LS1 heat treated at 4750C for 6 
hours, henceforth referred to as LS1H, and LS3 samples. In 
the lithium silicate system all the base and heat treated 
glasses show two component relaxation times. The T1 
relaxation times and the concentrations corresponding to each 
component are determined exactly the same way as before (See 
7.2) and are presented in Table (7.3). 
Although the experimental conditions for the samples LS1 
and LS1H were the same the intensity distributions of the Qm 
species are not the same. Figure (7.8) shows the 
29Si spectra 
of the samples for various delays. The differences in 
intensity between Q3 and Q4 may provide some information about 
the effect of heat treatment. 
7.4 DISCUSSION OF SODIUM AND LITHIUM SILICATES 29Si 
Ti RELAXATION TIMES 
7.4.1 29Si RELAXATION IN xNa20. (1-x)SiO2 (x=28.6,25.0,20.0) 
Although relaxation in glasses is complicated, the 
appearance of a two component relaxation time in the low Na20 
(( 25 mol%) containing samples compared to high Na20(>, j 28.0 
mol%), where only single exponential is observed (Figure 7.1), 
provides some information about the system. The samples 
contain a paramagnetic impurity which is assumed to be 
-267- 
LO 
O 
% 
k 
O f 
.r X 
r f 
f 
L 
ý. i 
cr) 
N b 
Cl 
(a) 32.9Li20.67. OSi02 . 0.1MnO(NIIT) ; Q3 
( LS3 ) 
(b) 24.6Li20.75.3SiO2 . 0.1MnO(NHHT) ; Q3 
( LS1 ) 
(c) 24.6 L i2 0.75.3S i02 .0.1MnO (NIIT) ; 04 ( LS1 ) 
N 
CD -` (d) 24.6Li20.75.3Si02.0.1MnO 
(475"C/6h); Q3 
(LS 1H) 
Fýtý 
(e) 24.6Li20.75.3Si02.0.1Mn0 
(475°C/61i); Q4 
o( LS lü 
.Q 
X 
O 
° 100 200 300 400 
t (s) 
Figure 7.7 29Si relaxation in lithium silicates. Each 
plot is shifted by one cycle. The broken 
lines are obtained as before(Fig. 7.1). 
-268- 
(d) 100 s 
(c) 25 s 
(b) 8s 
(a) 2s 
b 
(f) 800 s 
(e) 400 s 
(d) 
Cc) 50 
(b) 30 s 
(a) 4s 
11.1 
e -100 -200 PPM 
Figure 7.8 29Si spectra of 24.6Li20.75.3SiO20.1MnO 
(LS1) (a) base glass and (b) heat trea- 
ted at 475°C/6h(LS1H) for various delays. 
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randomly distributed throughout the 
j 'volume and provides 
centres for nuclear relaxation via spin diffusion. 
The transition probability for dipolar interaction of 
the 29Si is W ý 10-1 s-1 and the diffusion coefficient is 
D 10-19 m2 s-'. Thus the time taken by the nuclear spins to 
diffuse energy [37. a] over the distance of 10-9m is - 20 s. 
Therefore the diffusion process is very slow and for a time 
<20 s spin diffusion does not allow to develop a common spin. 
temperature amongst the 29Si atoms, and so the magnetisation 
recovery curves will not necessarily be single exponentials 
for the first 20s approximately. This is what is observed in 
Figure 7.1 for NHT glasses. But increase of 
23Na 
content will 
reduce the spin duffusion by unlike-spin dipolar interaction 
and hence increase the time to attain a spin temperature. 
This is not what is observed. Also there is no reason why 
heat treatment should lengthen the time to establish a spin 
temperature if the glass remains homogeneous, whereas this 
time appears to increase in some cases by a factor of 10 (e. g. 
Figure 7.3). Figure 7.3 suggests that a spin temperature is 
only achieved after ~500s, which may possibly indicate phase 
separation on heat treatment in this glass on a scale 
d- (Dt)v, i. e. 70 Ä. 
Now if spin diffusion occurs throughout the bulk of 
the material the rate of relaxation of all the nuclei of the 
-271- 
same kind are expected to be the same. If this is the case 
then it may be said that the sodium silicate glasses with >28 
mol% Na20 form single phase glass and as a result the single 
exponential decays of the 29Si in NS3 and NS7 are found 
(Figure 7.1. a,. b). Alternatively sodium silicate glasses with 
25 mol% Na20 might not form homogeneous glass which may 
result in the two exponential decays of the 
29Si in NS8 and 
NS9 glasses (Figure 7.1. c,. d). The relaxation decay of Q4 in 
NS9 shows similar trend (Table 7.1). Thus, if we assume that 
the two component T1 is a measure of non-homogeneity, i. e. 
phase separation then it may be said that the sodium silicate 
glasses containing < 25 mol% Na20 separate into two phases. 
The increasing difference between the extrapolated straight 
line and the experimental curvature due to decreasing Na20 
content (Figure 7.1) may represent the degree of phase 
separation. 
Further evidence can be put forward in support of phase 
separation in low Na20 (< 25 mol%) containing samples using 
the values of the 
29Si relaxation times (Figure 7.2). The T1 
values for Q3 in NS3 (32.7 mol% Na20) and NS7 (28.6 mol% Na20) 
are almost the same 20 s) and that in NS8 (25 mol% Na20) 
and NS9 (20 molX Na20) are significantly different (Table 7.1) 
and increase with the decrease of Na20 concentration. Thus 
the longer relaxation time of Q3 in NS8 and NS9 may be due to 
the effect of phase separation. 
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The ratio of the compositions (Q4/Q3) of NS9 (1.17 + 
0.12) and that of NS8 (0.53 + 0.05) is consistent with the 
constrained model [1] (Table 7.1). This consistency reassures 
the absence of more than two species in this compositional 
range. The single component T1 in NS3 and NS7 suggests that 
spin diffusion occurs throughout the sample. 
7.4.2 29Si RELAXATION IN HEAT TREATED SODIUM DISILICATES 
It has been discussed in Chapter 5 that all the 
sodium disilicate base glasses, irrespective of MnO 
concentration, show single exponential T1 (Figure 5.2). So 
that there appears to be a spin temperarture. Heat 
treatment for a short time and at a low temperature retains 
the single exponential behaviour but increases the relaxation 
time abruptly in the glasses NS1 and NS3 (Figures 7.3. b, 
7.4. b, 7.6). The sudden rise of T1 may be due to nucleation 
at those heat treatments. The 29Si relaxation in this case 
may also be considered as showing a spin temperature because a 
two component relaxation time is not observed. However for 
further heat treatment two component relaxation times grow as 
have already been observed in sodium silicate glasses with 
25.0 and 20.0 mol% Na20 (Figure 7.1). It is well known that 
heat treatment just above Tg can cause glass-in-glass phase 
separation for less than -20% Na20, i. e. phase separation 
without being crystallised [381. The Tg for sodium 
disilicate is 455°C and therefore the heat treatment at 475°C 
for 6 hours may cause phase separation. Thus the two 
component T1 in the heat treated glasses are possibly due 
to phase separation. The sharp rise of relaxation time for 
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the heat treatment 425°C/9 h (Figure 7.6) may also be due to 
nucleation but the number of nuclei is more thaninthe heat 
treatment for short time (425°C/6h). Unfortunately high 
resolution NMR is unable to detect such a change. 
Comparison of the relaxation times (Table 7.2) in 
undoped and doped materials shows a similar trend of increase 
of T1 with heat treatment time and temperature. But the 
compositional data (Table 7.2) for NS4 (0.2 mol% MnO) show 
anomalous behaviour in respect of NS1 and NS3. The 
concentration in NS1 and NS3 of the long component T1 
decreases with heat treatment but that for the short component 
increases. The anomalous compositional data for NS4 is not 
easily explained but that may be due to relatively high 
concentration of impurity. The sluggish formation of two 
component from single component T1 in the undoped material 
(NS1) may be due to a low rate of spin flip-flop because of a 
low level of impurity caused by the impurities in the starting 
materials. 
7.4.3 29Si RELAXATION IN LITHIUM SILICATES 
The trend of the increase or decrease of relaxation 
times and the composition of the LS1 and LS1H are the same as 
NS1 and NS3 (Table 7.2). Thus similar interpretations as NS1 
and NS3 may be applicable to lithium silicate glasses. 
Therefore the two component relaxation times (Table 7.3; 
Figure 7.7) in all the base and heat treated lithium silicates 
indicate that the glasses (LS1, LS1H, LS3) could be phase 
separated. Relatively longer relaxation times in LS1H (Table 
7.3) indicate that the sample might be more phase separated 
than LS1. 
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7.5 EFFECT OF P205 ADDITIONS ON THE 29Si RELAXATION 
IN ALKALI DISILICATES 
It has been shown in Chapter 6 that addition of P205 has 
a profound effect on the glass structure. Silicon-29 
relaxation measurements were carried out on alkali disilicates 
containing varying amounts of P205. In this section the 
effect of low amounts of P205 in R20.2SiO2 (R = Li, Na, K) and 
high amounts of P205 in only Na20.2SiO2 system are presented. 
7.5.1 LITHIUM PHOSPHOSILICATES 
The 29Si relaxation decays for LSP1 and LSP3 on 
semilogarithmic plot are shown in Figures (7.9). In both the 
samples the decays represent two exponentials for all the 
species. The T1 in LSP1 is measured only for Q3 species 
because Q4 is not well resolved. 
7.5.2 SODIUM PHOSPHOSILICATES 
The semilogarithmic plots of 29Si relaxation in sodium 
disilicates with 0.9,1.9 and 4.0 mol% P205 (NSPl-NSP3) are 
shown in Figure (7.10) and those with 50.0 and 60.0 mol% P205 
(NSPllc and NSP12b) are shown in Figure (7.11). The 
relaxation decay in the pure sodium disilicate composition is 
single exponential (Figure 7.4. a) but on addition of low 
amounts (1-4 mol%) of P205 the decays become a combination of 
more than one exponential. However in the case of 50 mol% 
P205 the decay is single exponential whereas for 60 mol% it is 
at least two exponential. 
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15 30 45 60 
7.5.3 POTASSIUM PHOSPHOSILICATES 
The results for the potassium disilicates with low 
amounts (0.9 and 4.0 mol%) of P205 are similar to those of 
lithium and sodium phosphosilicates and are not shown. 
The relaxation times and the compositional data of all 
the alkali phosphosilicates are presented in Table (7.4). 
7.6 DISCUSSION OF THE ALKALI PHOSPHOSILICATES 29Si RELAXATION 
7.6.1 LOW (1-4 mol%) P205 CONTENT 
The phosphate group (orthophosphate and pyrophosphate) 
in alkali disilicates with low amounts of P205 are known to 
occupy the holes in the glass structure [39; see 6.2]. Both 
the Q3 and Q4 are three dimensional chain-like structures [40- 
421. The boundary of the phosphate species may be distinct 
from the Q3 and Q4 network. This makes the interpretation of 
29Si relaxation in these materials more difficult. Moreover 
the phase separation and the interfacial effect between the 
continuous network of the silicate matrix and the phosphate 
species may affect the relaxation rate. 
The ratio for the compositions of long to short T1 
(Table 7.4) in Q3, within the experimental error, is almost 
the same in all alkali phosphosilicates with low (1-4 moll) 
amounts of P205. The Q3 relaxation times for the short and 
long component T1 in the NSP1 - NSP3 are 7 and 60 s 
respectively. Alkali to silicon ratio in all the samples is 
0.5. Thus the same relaxation time and compositions are 
expected for the same extent of phase separation. However, 
the long component T1 relaxation time for Q4 in NSP3 is 
extremely long (2342 s). This may happen due to either 
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distribution of MnO or phase separation. Relaxation caused by 
interfacial effects may be ignored because the number of 
phosphate species varies with P205 content (see 6.2) which 
would change the relaxation rate. 
The same argument may be applicable to the potassium 
phosphosilicate system but the results for the lithium 
phosphosilicates show some differences (Table 7.4). This 
could be due to the presence of Li20. SiO2 nuclei because of 
early phase separation in LSP3 glass (see 6.2). 
7.6.2 HIGH ( 50,60 mol%) P205 CONTENT 
For the high concentrations of P205 (>,, 38 mol%) 
phosphorus forms Si-O-P bonds in both Q4-P and [Si06]-P and 
thus octahedral silicon like - SiP207 occurs in the base 
glasses (see 6.3). The sample with 50 mol% P205 (NSP11C) 
contains less S1P207 than NSP12b ( 60 mold P205). The rate 
of crystallisation in Si06 octahetra is higher than that in 
S104 tetrahedra because the Gibbs free energy for the former 
is less than that of the latter [43]. The larger amounts of 
SiP207 like environment in NSP12b would enhance the rate of 
nucleation and glass-in-glass phase separation. Alternatively 
in NSP11c phase separation might not occur due to the smaller 
amount of S106 octahedra. This suggests that all similar 
species in NSP11c could be randomly oriented and spin 
diffusion might occur among them. If we think that this is 
the case then the single component 
29Si T1 relaxation in 
NSP11c as shown in Figure (7. ll. a) is expected for both the 
Q4-P and [Si06]-P units. But possible phase separation in 
NSP12b may not allow spin diffusion and two components 
relaxation times are obtained (Figure 7. ll. b). 
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7.7 GENERAL DISCUSSION 
Identifications of phase separation of the sample of 
composition similar to NS9 (20 moll Na20) have been carried 
out by several authors [44,451 using water durability 
experiments. According to their investigations the samples 
with , <20 mol% Na20 phase separate although they appear 
transparent. The reason of this transparency was explained 
by the fact that concentration of the phase separated droplets 
was very low and the size of the droplets was very small. 
Fictive temperature measurement of Na20-SiO2 system with 1-20 
mo1X Na20 showed that these glasses phase separate by spinodal 
decomposition (Figure 7.12) [46]. If the assumption - two 
component relaxation time is an indication of phase separation 
then this work has shown that the sample with $<25 mol% Na20 
may phase separate. Although data for the water durability 
experiment and fictive temperature up to 25 mol% are not 
available, the occurence of phase separation in <25 mol% Na20 
is in substantial agreement with Jen et al. [45] and Mazurin 
et al. [46]. For higher concentration of Na20 (> 25 mol%) the 
coulombic repulsion between the Na+ ion will be much stronger 
than with lower concentrations. This force might help to 
scatter the species randomly throughout the volume of the 
glass melt and hence may produce a homogeneous glass for >25 
mo1X Na20 in sodium silicates. 
The creation of two component relaxation times from 
single component due to heat treatment was first observed by 
Nishi et al. [47] in polymer mixtures. They predicted that 
the effect is due to phase separation in mixtures. In their 
case the long component T1 became longer and the short 
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component T1 became shorter due to heat treatment. The 29Si 
relaxation in sodium disilicates clearly shows the growth of 
two T1 components from single T1 due to heat treatment of the 
base glass. The only difference in this case is that both the 
short and long component Tl became longer with heat treatment. 
This dissimilarity may be due to different type of material. 
possi bt9 
Thus the formation of two T1 components from single T1 may1be 
considered as a measure of phase separation in alkali silicate 
glass. 
The different relaxation times (Table 7.3) in LS1 and 
LS1H suggest to do further investigation of the system. The 
TEM micrographs of LS1, LSIH and LS1H's electron diffraction 
pattern are shown in Figure (7.13). In LS1 there is no 
indication of globular structure but that in LS1H may be due 
to phase separation. The diffuse rings in the diffraction 
pattern (Figure 7.13. c) are due to glass in which there is no 
sign of crystal formation. It may be said that the sample 
LS1H has phase separated into two liquids prior to its 
crystallisation [48]. The relaxation decay in LS1 is similar 
to that in LS1H but the decays in both the samples are 
different from NS1, NS3 and NS4 (Figures 7.3. a-. 5. a). 
Therefore it may be said that microphase separation has 
occured in LS1 which is beyond the detection limit of TEM. 
Not only the NMR results, nucleation and crystallisation 
kinetics of L12O. 2SiO2 has been shown to be different from 
other alkali silicates [49]. The magnitude of the rate of 
nucleation in Li20.2S'02 does not follow the classical 
nucleation theory whereas in other systems it does [49]. This 
perverse nature of Li2Si2O5 may be due to some nucleation 
kinetics which might have occured during quenching from the 
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Figure 7.13 Transmission electron micrographs of 24.6 
Li20.75.3SiO2 sample. (a) Base glass; ori- 
ginal mag. * 66000. (b) Heat treated at 475 
°C/6h; original mag. * 50000. (c) Selected 
area diffraction pattern of (b) showing 
broad intensity maximum. 
melt. Experimental nucleation rate is many times greater than 
the theoretically predicted value. This suggests that pre- 
nucleation in the system could accelerate the nucleation rate. 
Thus the outcome of MAS NMR experimentations as two component 
relaxation times in approximately lithium disilicate 
composition might be due to either nucleation or amorphous 
phase separation. 
T1 measurements of proton with structural heterogeneity 
in polymers [19,20,50] showed single component relaxation 
time. In heterogeneous material different regions should have 
different relaxation times. But the fact was explained by the 
small separation between two regions which can allow spin 
diffusion to cancel out the difference in relaxation times. 
For the heat treated polymers, as observed by Nishi et al. 
[47], the distinct boundary between two regions separated by 
certain distance might not allow spin diffusion and hence a 
two component relaxation time might occur. Thus in the case 
of alkali silicate glasses two component relaxation times may 
grow from a single T1 as a result of phase separation caused 
by either heat treatment or during quenching from the melt. 
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CHAPTER 8 
CONCLUSION 
8.1 COMPARISON OF GLASS SYSTEMS 
The concentration of Qm species in alkali silicates 
varies with alkali content. Figure 8.1 compares the amounts of 
Qm in the Li20-SiO2 system obtained in this study with the 
constrained random [1] and unconstrained random [2] models. 
For lower concentrations of Li20 (< 30 mol%) the result of this 
study is similar to constrained random model, i. e. not more 
than two species appear to be present. For higher 
concentrations of Li20 (> 30 moi%) there is deviation but this 
study is closer to the constrained random than that of 
unconstrained random, i. e. the major species will be Qm and 
Qm-1 with small amounts of Q4. Similar results are obtained 
for Na20-Si02 glasses. Thus for higher concentrations of 
alkali, an intermediate situation exists between the two 
models. 
The 29Si chemical shift for the Qm (0<m4,4) species in 
different binary alkali silicates differ slightly. The 
variations of the Q3 and Q4 shift with alkali content are the 
most significant. This indicates that the Q3 and Q4 
environments in vitreous state are different from their 
crystalline form. The relatively small difference of Q2 
chemical shift between glass and crystal suggests that the 
29Si 
local order in glass and crystalline Q2 are not very different 
from each other. Devitrification of R20-SiO2 (R=Li, Na) systems 
results in different polymorphs of R2Si2O5 and the observed NMR 
spectra are consistent with XRD results. 
Addition of P205 to the R20.2SiO2 (R=Li, Na, K) gives the 
most interesting results. It appears that, in alkali 
disilicate glasses with 0-10 moll P2051 phosphorus itself does 
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not participate in the network but increases the polymerisation 
of the silicate network by the effective removal of modifier 
cations. Thus amounts of Q3 decrease and those of Q4 increase 
with the increase of P205. The phosphorus environment 
resembles "L13P04" in the L12O. 2SiO2 system but in R20.2SiO2 
(R=Na, K) glasses it is present as "R3P04" and "R4P207". More 
than 10 mol% P205 changes the silicon environment to Q3 with 
some phosphorus next nearest neighbour, i. e. Q3-P. The Q4 - 
like environment again appears to form at the expense of Q3-P 
as P205 content increases and finally for 25 mol% P205 only Q4 
is present. Further addition of P205 (> 38 mol%) produces Q4-P 
and an SiP2O7 like environment. The phosphorus environment is 
metaphosphate - like "NaP03" at these (>, 11 mol%) 
concentrations of P205. The metaphosphate units remain 
unchanged with P205 content. Formation of SiP207 species is 
the first evidence of 6- fold coordination of silicon in the 
vitreous state. 
The 29Si relaxation times in the vicinity of the sodium 
disilicate composition range seem to be single exponential 
whereas those in lithium silicates are not. The 
29Si 
relaxation in all the alkali phosphosilicates except those with 
50 moll P205 show similar effects to the lithium silicate 
system. Both heat treatment and addition of low amounts of 
Na20 (< 25 mol%) gives a two component 
29Si relaxation time. 
These two component relaxation times may be explained by the 
effect of nucleation or glass-in-glass phase separation. 
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8.2 NMR AS A TOOL FOR GLASS CERAMIST 
The sensitivity of NMR to the local order of nuclei 
rather than long range order gives additional information to 
the glass ceramists. This study has clearly showed that NMR 
can be used to quantify species, even to 1%, in silicate 
glasses. MAS NMR has provided valuable information on the 
interaction of P205 with alkali disilicate glasses and on the 
environments of 
29Si, 31P, 27A1,7Li 
and 
23Na in these systems. 
The technique has also given confirmation that the precursors 
of crystalline Li3PO4 are present in lithium disilicate glasses 
containing P205 as a nucleating agent. This clearly confirms 
the proposed mechanism behind the dramatic increase of 
nucleation rate in L12O-SiO2 system with small amounts of P205 
[3]. Although the lack of long range order in glasses broadens 
the lineshape with respect to its crystalline environment, the 
MAS NMR lineshape obtained from the vitreous state can be used 
to provide structural information. Thus NMR can be considered 
as a potential tool for present and future glass ceramists. 
8.3 PROPOSAL FOR FUTURE WORK 
The discovery of six coordinated silicon in glasses 
provides a new area in the field of glass research. The 
increase of "SiP2O7" with increasing P205 suggests that a 
glass, within the detection limit of x-ray, can be made 
entirely of S106 units. However this task is yet to be 
completed. XRD results of heat treated high phosphate (>, 25 
mol%) containing glasses show different type of nucleation and 
hence crystallisation properties, which are solely dependent 
upon P205 concentration. Therefore a thorough microscopic 
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study is essential to understand the nucleation and 
crystallisation of such glasses. The formation of [S106] units 
from S104 units as a function of heat treatment allows one to 
determine the equilibrium constant for the reaction. Therefore 
an estimate of configurational entropy as a function of heat 
treatment would be possible. Measurement of fictive 
temperature for various cooling rates as a function of P205 
concentration would provide a value for the enthalpy of the 
system from which useful information can also be obtained. 
The formation of doublets in 7Li spectra suggests that 
the lithium atoms occur in pairs. However application of the 
theoretical equation for an I=h system (equ. 2.40) to calculate 
the distance between two lithium atoms (I = 3/2) in Li20-SiO2 
(see Chapter 4) may not be appropriate. Thus a theoretical 
development for strong dipolar interaction in an I- 3/2 system 
is of future interest. 
CaO-Na2O-SiO2 with small amounts of P205 form bioactive 
glasses which can be used for medical applications. The 
structure of this glass system is yet to be established and the 
29Si, 31p NMR would provide useful information. The effect of 
phosphorus in R20 (R = Li, Na, K) meta and tetrasilicates or as 
a function of alkali content would also be of interest. This 
would provide information on the mechanism for formation of 
S106 unit in glasses in presence of alkali metal ions. Most of 
the rock forming silicate melts, e. g. CaO-Al203-Si02, CaO-MgO- 
S1021 contain small amounts of P205 [4] and the structural 
analysis of these glasses will be of both scientific and 
technological interest. Measurement of the relaxation times of 
the network formers in the glasses may provide additional 
information about the subtle environmental differences. 
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Most of the nuclei in the periodic table are now 
accessible to NMR investigation. Therefore in addition to the 
29Si, 31P, 27A1,23Na, 7Li, lH other nuclei, for example 170, 
51V9 135Ba, 25Mg, 87Sr, 89y, 6Li, 19F may also be probed in 
glasses. 
Although 170 is a quadrupolar nucleus with low natural 
abundance (0.037%) and moderate gyromagnetic ratio, it has a 
wide chemical shift range ( -900 PPM) [5]. Thus 
170 NMR has 
sometimes been successful in investigating structure and ionic 
nature determinations [6-8]. The 170 NMR results obtained from 
the recently developed "double angle spinning" technique [9,10] 
supersedes previous results and can be used to identify oxygen 
local order in glasses. 
170 is readily available in the form 
of isotopically enriched water and the glasses can be made with 
such water. As the oxygen is the nearest neighbour of silicon 
in silicate glasses some information about nucleation 
kinetics, glass-in-glass phase separation and equilibrium 
concerned with oxygen exchange because of bond angle, bond 
length variation due to heat treatment can be obtained. 
51y may be a good NMR nucleus and it can be incorporated 
in some of the alkali silicate glasses in small amounts. 
However the effect of large amounts of vanadium in glasses may 
be difficult to observe because of possible unpaired d- 
electron. Ba, Mg and Sr are constituent elements of rock- 
forming glasses and their investigation can help in 
understanding various properties of magmas. However, they are 
quadrupolar (I = 3/2,5/2 and 9/2 respectively) nuclei and 
large electric field gradients and low natural abundance may 
hinder such an investigation to some extent. 89Y is a I=/ 
nucleus and information can readily be obtained from NMR 
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signal. However, the sensitivity of 
89 Y NMR relative to 
protons is very low (1.2 x 10-4) and this creates a problem in 
investigations of the local order of the yttrium ions. 
In Li2O-SiO2 glass 7Li - 
7Li couplings form homogeneous 
interaction which is difficult to narrow. Therefore 
6Li NMR 
can provide information about non-homogeneous dipolar 
interaction between 
6Li and 7Li. 19F is a 100% abundant 
nucleus with I=h and dissolves in mineral glasses. The local 
order of fluorine in this system is not clearly understood and 
creates a need for future study. Thus with the introduction of 
new nuclei in NMR research, this broadens the area of 
investigation for a wide range of glasses, glass ceramics and 
other materials. 
THE END 
-296- 
REFERENCES 
1. R. Dupree, D. Holland, P. W. McMillan and R. F. Pettifer, 
J. Non-cryst. Solids, 68,399 (1984). 
2. C. M. Schramm, B. W. H. S. de Jong and V. E. Parzialy, J. Am. 
Chem. Soc., 106,4396 (1984). 
3. P. F. James and P. W. McMillan, J. Mater. Sci., 6,1345 
(1971). 
4. B. O. Mysen, F. J. Ryerson and D. Virgo, Am. Miner, 66, 
106 (1981). 
5. C. Rodger, N. Sheppard, C. McFarlane and W. McFarlane in 
NMR and The Periodic Table. Edited by R. K. Harris and 
B. E. Mann, Academic Press, 1978, London. 
6. H. A. Christ, P. Diehl, H. R. Schneider and H. Hahn, Heiv. 
Chim. Acta., 44,866 (1961). 
7. B. N. Figgis, R. G. Kidd and R. S. Nyholm, Proc. Roy. Soc. 
A269,469 (1962). 
8. G. L. Turner, S. E. Chung and E. Oldfield, J. Magn. Reson., 
64,316 (1985). 
9. A. Samoson, E. Lippmaa and A. Pines, Mol. Phys., 65,1013 
(1988). 
10. B. F. Chmelka, K. T. Muller, A. Pines, J. Stebbins, Y. Wu 
and J. W. Zwanziger, Nature, 339,42 (1989). 
-297- 
Appendix A 
Nuclear properties of some nuclei 
Nucleus Nuclear Operating frequency 
Spin at B=8.45 T 
(MHZJ 
1H 1/2 360.13 
Sensitivity at line width* 
natural factor, L 
abundance 
relative to 1H x1054 
1.0 - 
7Li 3/2 139.908 0.27 0.05 
23Na 3/2 95.3 0.09 0.33 
27A1 5/2 93.848 0.21 1.0 
29Si 1/2 71.535 3.70 x 10-4 - 
31p 1/2 145.78 0.07 - 
* From equ. (2.34) one can have 
V 
(2) 
=9 
(e2q)2 Q2 (a-3/4) (1- p2) (9 µ 2-1) 
z 64 vL h2 I2 (2I-1)2 
The term Q2 (a - 3/4) L 
I2 (21_1)2 
is generally called the linewidth factor. 
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